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Madrid

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal 
Water (ISSN 2073-4441) (available at: www.mdpi.com/journal/water/special issues/Management 
Models Policy).

For citation purposes, cite each article independently as indicated on the article page online and as 
indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-4100-6 (Hbk)

ISBN 978-3-0365-4099-3 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/water/special_issues/Management_Models_Policy
www.mdpi.com/journal/water/special_issues/Management_Models_Policy


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Water Resources Management Models for Policy Assessment” . . . . . . . . . . . . ix

Luis Garrote

Water Resources Management Models for Policy Assessment

Reprinted from: Water 2021, 13, 1063, doi:10.3390/w13081063 . . . . . . . . . . . . . . . . . . . . . 1

Alvaro Sordo-Ward, Isabel Granados, Ana Iglesias and Luis Garrote

Blue Water in Europe: Estimates of Current and Future Availability and Analysis of Uncertainty

Reprinted from: Water 2019, 11, 420, doi:10.3390/w11030420 . . . . . . . . . . . . . . . . . . . . . 5

Alfredo Granados, Alvaro Sordo-Ward, Bolı́var Paredes-Beltrán and Luis Garrote

Exploring the Role of Reservoir Storage in Enhancing Resilience to Climate Change in Southern

Europe

Reprinted from: Water 2021, 13, 85, doi:10.3390/w13010085 . . . . . . . . . . . . . . . . . . . . . . 23

Tao Li, Sha Qiu, Shuxin Mao, Rui Bao and Hongbing Deng

Evaluating Water Resource Accessibility in Southwest China

Reprinted from: Water 2019, 11, 1708, doi:10.3390/w11081708 . . . . . . . . . . . . . . . . . . . . . 45

Ge Wang, Changlai Xiao, Zhiwei Qi, Xiujuan Liang, Fanao Meng and Ying Sun

Water Resource Carrying Capacity Based on Water Demand Prediction in Chang-Ji Economic

Circle

Reprinted from: Water 2020, 13, 16, doi:10.3390/w13010016 . . . . . . . . . . . . . . . . . . . . . . 63

Adria Rubio-Martin, Manuel Pulido-Velazquez, Hector Macian-Sorribes and Alberto

Garcia-Prats

System Dynamics Modeling for Supporting Drought-Oriented Management of the Jucar River

System, Spain

Reprinted from: Water 2020, 12, 1407, doi:10.3390/w12051407 . . . . . . . . . . . . . . . . . . . . . 83

Ivan Gabriel-Martin, Alvaro Sordo-Ward, David Santillán and Luis Garrote

Flood Control Versus Water Conservation in Reservoirs: A New Policy to Allocate

Available Storage

Reprinted from: Water 2020, 12, 994, doi:10.3390/w12040994 . . . . . . . . . . . . . . . . . . . . . 103

Marı́a Dolores Bejarano, Jaime H. Garcı́a-Palacios, Alvaro Sordo-Ward, Luis Garrote and

Christer Nilsson

A New Tool for Assessing Environmental Impacts of Altering Short-Term Flow and Water

Level Regimes

Reprinted from: Water 2020, 12, 2913, doi:10.3390/w12102913 . . . . . . . . . . . . . . . . . . . . . 117

Araceli Martin-Candilejo, David Santillán and Luis Garrote

Pump Efficiency Analysis for Proper Energy Assessment in Optimization of Water

Supply Systems

Reprinted from: Water 2019, 12, 132, doi:10.3390/w12010132 . . . . . . . . . . . . . . . . . . . . . 137

Chen Xie, Yifan Yang, Yang Liu, Guoqing Liu, Ziwu Fan and Yun Li

A Nation-Wide Framework for Evaluating Freshwater Health in China: Background,

Administration, and Indicators

Reprinted from: Water 2020, 12, 2596, doi:10.3390/w12092596 . . . . . . . . . . . . . . . . . . . . . 155

v



Maryam Salehi, Khashayar Aghilinasrollahabadi and Mitra Salehi Esfandarani

An Investigation of Stormwater Quality Variation within an Industry Sector Using the

Self-Reported Data Collected under the Stormwater Monitoring Program

Reprinted from: Water 2020, 12, 3185, doi:10.3390/w12113185 . . . . . . . . . . . . . . . . . . . . . 179

Maoqing Duan, Xia Du, Wenqi Peng, Shijie Zhang and Liuqing Yan

Necessity of Acknowledging Background Pollutants in Management and Assessment of

Unique Basins

Reprinted from: Water 2019, 11, 1103, doi:10.3390/w11051103 . . . . . . . . . . . . . . . . . . . . . 195

Zuoda Qi, Gelin Kang, Xiaojin Wu, Yuting Sun and Yuqiu Wang

Multi-Objective Optimization for Selecting and Siting the Cost-Effective BMPs by Coupling

Revised GWLF Model and NSGAII Algorithm

Reprinted from: Water 2020, 12, 235, doi:10.3390/w12010235 . . . . . . . . . . . . . . . . . . . . . 213

Kun Wang, Lijun Zhang, Lulu Zhang and Shujuan Cheng

Coupling Coordination Assessment on Sponge City Construction and Its Spatial Pattern in

Henan Province, China

Reprinted from: Water 2020, 12, 3482, doi:10.3390/w12123482 . . . . . . . . . . . . . . . . . . . . . 225
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Sergio Nuñez et al.

Delving into the Divisive Waters of River Basin Planning in Bolivia: A Case Study in the

Cochabamba Valley

Reprinted from: Water 2021, 13, 190, doi:10.3390/w13020190 . . . . . . . . . . . . . . . . . . . . . 243

Qian Li, Ziheng Shangguan, Mark Yaolin Wang, Dengcai Yan, Ruizhi Zhai and Chuanhao

Wen

Risk Assessment of China’s Water-Saving Contract Projects

Reprinted from: Water 2020, 12, 2689, doi:10.3390/w12102689 . . . . . . . . . . . . . . . . . . . . . 269
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Preface to ”Water Resources Management Models for

Policy Assessment”

Water resources management models support a variety of research applications, including

the assessment of water availability, allocation of water among competing uses, evaluation of

system performance, identification of optimal system expansion, or definition of suitable operating

strategies. System analysis tools, such as simulation and optimization, have been enriched with novel

modelling concepts drawn from social sciences, economic analysis, conflict resolution, agent-based

systems, or game theory, among others. This field has evolved from the traditional emphasis

on cost–benefit analysis in water resource project investments to a wider scope that includes

environmental implications, stakeholder concerns, social welfare, and human dimensions. We now

face the challenge of developing integrated modelling frameworks to provide quantitative evidence

to policymakers on water management issues.

This book compiles original research papers that apply a variety of techniques to identify

and evaluate water resource management policies. The compilation presented here covers a wide

range of topics and methodologies applied across the world, from a local to a continental scope.

Open challenges in water resource management, such as quantitative assessment of policy impacts,

trade-off analyses, understanding the water-energy-food-environment nexus, collaborative model

development, stakeholder engagement, formalizing social interactions, or improving the theoretical

understanding of complex adaptive systems, are outlined. Therefore, this book covers research areas

that have emerged from the origins of water resource systems analysis, seeking to improve the way

in which water policy is formulated and implemented.

Luis Garrote

Editor
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Water resources management models support a variety of research applications, in-
cluding the assessment of water availability [1], the allocation of water among competing
uses [2], the evaluation of system performance [3,4], the identification of optimal system
expansion [5], and the definition of suitable operating strategies [6]. System analysis
tools, like simulation and optimization, have been enriched with novel modelling concepts
drawn from social sciences [7], economic analysis [8], conflict resolution [9], agent-based
systems [10], and game theory [11], among others. The field has evolved from a traditional
emphasis on cost–benefit analysis in water resource project investments to a wider scope
that includes environmental implications, stakeholder concerns, social welfare, and human
dimensions [12].

This Special Issue of Water integrates a collection of research papers that develop or
apply water resources management models for policy identification and assessment. Active
research has been conducted to address the challenge of developing integrated modelling
frameworks to provide quantitative evidence for policymakers on water management
issues. The compilation presented here covers a wide range of topics and methodologies
applied across the world, from a local to continental scope. It illustrates open challenges
in water resources management, like quantitative assessment of policy impacts, trade-off
analyses, understanding the water-energy-food-environment nexus, collaborative model
development, stakeholder engagement, formalizing social interactions, or improving the
theoretical understanding of complex adaptive systems. This issue is therefore a repre-
sentation of research areas that have emerged from the origins of water resource systems
analysis seeking to improve the way water policy is formulated and implemented.

The contributions to the Special Issue may be classified into four major topics: water
availability and accessibility, management of water infrastructure, environmental concerns,
and social and economic issues. Contributions in the first group focus on the estimation of
water availability under different climate and policy scenarios. Two papers are focused on
Europe and two are focused on China. The paper by Sordo-Ward et al. [13] presented a
regional assessment of future water availability in Europe. They applied a high-resolution
model to produce detailed maps of water availability in European rivers and evaluated
model and scenario uncertainties under different climate projections. The work presented
in [14] was specifically focused on the role of reservoir storage to enhance resilience to
climate change. The authors studied 16 major river basins in Southern Europe and found
that increased storage capacity attenuated the reduction of water availability and reduced
its uncertainty under climate change projections. Li et al. [15] evaluated five spatial factors
to obtain a water accessibility index in Southwest China. They produced a spatial pattern
and compared water accessibility and water demand at the county level. As a result of their
analysis, the authors provided policy recommendations to correct the imbalance. Finally,
Wang et al. [16] studied the water-carrying capacity of the Chang-Ji region in Northeast
China. They applied techniques such as the fuzzy comprehensive evaluation method,
gray correlation analysis, and multiple linear regression models to evaluate water-carrying
capacity under different social development plans, identified critical issues, and provided
suggestions to allow for a sustainable development of the economy in the region.
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The second topic deals with models intended to provide support for management
policies for water infrastructure. The paper by Rubio-Martin et al. [17] presented an appli-
cation of system dynamics for the strategic planning of drought management in a river
basin located in Southeast Spain. The authors proposed a system state index that is used to
trigger dynamic reservoir operating rules, policies, and drought management strategies.
They argued that application of their decision support system may lead to a substantial
reduction of the economic impact of droughts in the basin. Gabriel-Martin et al. [18] aimed
at solving conflicts that arise in the operation of multipurpose reservoirs. Their technical
contribution is a model that maximizes reservoir yield subject to constraints imposed by hy-
drological dam safety and downstream river safety. They produced a set of Pareto optimal
configurations that may be used by policymakers to emphasize water availability or flood
protection. Bejarano et al. [19] offered a computational tool intended to summarize data
on sub-daily streamflow into manageable, comprehensive, and ecologically meaningful
metrics, which can be used to qualify and quantify flow alteration. This tool may be used
by policymakers to evaluate the potential ecological consequences of the hydrological alter-
ation produced by water infrastructure. The contribution by Martin-Candilejo et al. [20] is
focused on energy efficiency. They proposed a novel method to account for energy costs
associated to water pumping in the design and operation of water supply systems.

Water quality is the major focus of the third topic, which deals with environmental
concerns. Xie et al. [21] reported on the experience of implementing the nation-wide fresh-
water health evaluation in China. They proposed a new indicator framework combining
ecosystem integrity with non-ecological performance with the objective of improving water
governance. The result of their work is directly policy-relevant because it will be integrated
into a new national standard. Salehi et al. [22] evaluated the pollutant discharge charac-
teristics for 12 facilities in an industry sector in the United States. They applied principal
component analysis to water quality parameters and developed water quality indexes
to monitor water quality fluctuations. They characterized stormwater quality variations
among studied facilities and seasons, concluding with suggestions for future changes for
decision makers. The work by Duan et al. [23] focused on background pollutants and their
influence on water quality management and assessment methods in China. The authors
argue that it is unreasonable to use a uniform standard to evaluate water quality across the
country. They defined a suitable pollutant yield coefficient by coupling an export coefficient
model with a mechanistic model. Based on their results, they proposed a more reasonable
sewage discharge limit and water quality evaluation method. Best management practices
to control water pollution were analyzed in [24]. The authors evaluated the performance of
three types of pollution control measures on dissolved nitrogen by coupling an improved
watershed model with a multi-objective optimization algorithm. Their optimization model
system could assist decision-makers in selecting the most appropriate measures for pol-
lution control in a watershed. Wang et al. [25] proposed an index system to evaluate the
degree of coordination between economic development and infrastructure construction
in a sponge city in China. They studied the spatial statistical pattern of coordination and
concluded that the problems due to inadequate coordination were prominent in the region.
They suggested a stronger emphasis on the construction of green infrastructure.

The fourth topic is related to social and economic issues. Lima-Quispe et al. [26]
discussed river basin planning in Bolivia from the wider perspective of regional planning.
They tackled the problems of coordinating watershed planning with other planning units
and integrating watershed management with water resources management. The authors
proposed the novel technique of robust decision support to help stakeholders discern posi-
tive and negative interactions of interventions, use spatially explicit indicators, and identify
adequate management strategies. Li et al. [27] explored the applicability of China’s policy
based on water saving contracts by risk assessment. Overall risk was found to be low, but
they showed concern for some potential risk factors, such as audit, financing, and payment
risk. Feria-Dominguez et al. [28] analyzed the impact of a severe drought on the Brazilian
stock market. They found statistical evidence of financial impact caused by the declaration
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of drought among agri-food firms, particularly in those companies that shell perishable
products. Shen et al. [29] studied the impact of tourism on the sustainable development of
a reservoir in China. They applied different analytical techniques to process hundreds of
questionnaires filled by the local population. In their conclusions, they found that stake-
holders were very critical of the consequences of tourism development in the region and
provided suggestions to mitigate the negative impacts. Santasusagna Riu et al. [30] also
used questionnaires to analyze the management of urban public services in the internal
border area between two Spanish regions. Based on their analysis of the replies, they
concluded that there are deficiencies to correct and suggested enhanced cooperation across
the border to improve priority urban public services.

This Special Issue is a compilation of 18 contributions that offer a wide perspective of
the potential of water resources management models for policy assessment. The papers
focus on a diversity of topics, geographical locations, spatial scales, and methodologies
that illustrate successful case studies of science inspiring policy. This work is offered as an
asset for researchers and policymakers.
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Abstract: This study presents a regional assessment of future blue water availability in Europe

under different assumptions. The baseline period (1960 to 1999) is compared to the near future

(2020 to 2059) and the long-term future (2060 to 2099). Blue water availability is estimated as the

maximum amount of water supplied at a certain point of the river network that satisfies a defined

demand, taking into account specified reliability requirements. Water availability is computed with

the geospatial high-resolution Water Availability and Adaptation Policy Assessment (WAAPA) model.

The WAAPA model definition for this study extends over 6 million km2 in Europe and considers

almost 4000 sub-basins in Europe. The model takes into account 2300 reservoirs larger than 5 hm3,

and the dataset of Hydro 1k with 1700 sub-basins. Hydrological scenarios for this study were taken

from the Inter-Sectoral Impact Model Inter-Comparison Project and included simulations of five

global climate models under different Representative Concentration Pathways scenarios. The choice

of method is useful for evaluating large area regional studies that include high resolution on the

systems´ characterization. The results highlight large uncertainties associated with a set of local

water availability estimates across Europe. Climate model uncertainties for mean annual runoff and

potential water availability were found to be higher than scenario uncertainties. Furthermore, the

existing hydraulic infrastructure and its management have played an important role by decoupling

water availability from hydrologic variability. This is observed for all climate models, the emissions

scenarios considered, and for near and long-term future. The balance between water availability and

withdrawals is threatened in some regions, such as the Mediterranean region. The results of this

study contribute to defining potential challenges in water resource systems and regional risk areas.

Keywords: climate change; water resources; water availability; uncertainty; WAAPA model;

Western Europe

1. Introduction

Water management is challenged by climate change. By the 2070s, the percentage of the surface

area under conditions of severe water stress is expected to increase from the current 19% to 35% in

central and southern Europe [1]. Populations living under water stress conditions in regions from

17 countries of Western Europe are projected to increase by between 16 and 44 million [2]. It is

also predicted that the runoff of certain rivers may diminish by up to 80% during the summers.

Reservoirs may lose resources due to a decrease in rainfall and the frequency of droughts will increase.

The consensus is that the effect of climate change will also exacerbate precipitation extremes with more

pronounced drought and flood periods [3–5]. At the same time, future water demand is increasing due

to climate and social changes. Higher temperatures lead to increased water demand for irrigation and
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urban supply, hydroelectric potential of Europe may decrease 6% on average, and between 20 and 50%

in the Mediterranean region. Advances in technology efficiency may only affect industrial demand [2].

In the Mediterranean region, impacts of climate change on water will certainly have a large influence

on human water security and biodiversity [6]. There are several hundred local studies on the potential

impacts of climate change on water resources in the Mediterranean, which apply many different

approaches. Although the results are diverse and sometimes contradictory, a common element is

that one of the primary impacts of climate change will be a reduction of water availability in the

Mediterranean Region [1,2]. Furthermore, several authors showed that Global Climate Models (GCMs)

were the main source of uncertainty when assessing the impacts of climate change on hydrologic

processes [7,8]. Meanwhile, uncertainty associated with streamflow appeared to be more consistent

with precipitation than temperature and showed higher sensitivity to the selection of GCMs than to

the Regional Climate Models (RCPs) [9,10].

Water availability focuses on blue water, which is defined as water that runs off the landscape

into streams, rivers, reservoirs, and groundwater [11]. However, the term “water availability” includes

multiple aspects. A multitude of studies consider water availability to be directly linked to changes in

average runoff, estimated as the net difference between precipitation and evapotranspiration [12,13].

In non-altered basins, water availability would be either null or extremely low because it would be

determined by long term minimum values of flow. It is clear that hydraulic infrastructure plays an

important role in making water available for users, mainly by the regulation and transportation of

water resources. Even though the storage-based strategy proved to be very successful in the past [14],

expanding infrastructure is not an option to increase availability in many regions due to social

and environmental constraints [15]. As a result, increasing demand relies heavily on management.

The emphasis is currently being placed on how to improve management of existing infrastructure

and on socio-economic measures through demand management and water use efficiency [16,17].

The main factors to be considered in regulated water resource systems are the stream flow variability,

storage capacity, and yield reliability. In this study, we define blue water availability as the amount

of water that can be supplied at a certain point of the river network to satisfy a regular demand

under specified reliability requirements [18,19]. Therefore, water availability is the combined result of

natural processes, existing infrastructure, and policy. A wide range of techniques have been proposed

to analyse water availability, from relatively simple stochastic processes relating these variables to

highly complex models solving the water allocation problem [20–24], even including social and

economic considerations [25]. In the water sector, institutions, users, technology, and the economy

cooperate to achieve equilibrium between water supply and demand in water resource systems.

In order to understand the process of reaching future goals for water under climate change, science

has developed a set of tools to understand uncertainty [26–29], assess future impacts [30,31], and

facilitate policy development [1,16,18,32]. However, most studies were developed using detailed water

management and planning models, and were applied at the local scale. In systems and situations

where limited information is available and regional or continental-scale studies are needed, it is

generally better to obtain a global overview of the water supply systems’ performance under different

climate and policy scenarios, using simplified regional models rather than carrying out very detailed

simulations with conventional models, which require very specific information on water demands

and infrastructure [18,33,34]. These continental scale-models are conceived to estimate the maximum

water availability and to provide technical and quantitative support to possible water policies in the

short and long term. Then, these models and detailed water management and planning models should

be considered as complementary tools.

Over forty percent of the total water withdrawal in Europe is used for agriculture. Southern

countries use the largest percentages of abstracted water for agriculture. This generally accounts for

more than two thirds of total abstraction. In northern member States, levels of water use in agriculture

are much smaller, with irrigation being less important but still accounting for more than 30% in some

areas [35]. Moreover, if the climate in a given region gets drier and warmer, water availability will
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decrease, and the issue will be exacerbated by increasing water demand [36]. For example, it is expected

that areas of maize grain cultivation will expand up to 30–50% in Europe [37–40] with increases of up

to 50% in net primary productivity in northern European ecosystems, as a result of a longer growing

season and higher CO2 concentrations [37]. As the projected impacts on productivity of crops and

ecosystems included the direct effects of increased CO2 concentration on photosynthesis, the variation

in simulated results attributed to differences between the climate models were, in all cases, smaller

than the variation attributed to emissions scenarios [37]. The objective of this study is to estimate

future potential blue water availability in Europe and its associated uncertainty, which is induced by

emissions scenarios and climate change models. This study first proposes a methodology to conduct

climate change analyses in water resource systems, which is based on a high-resolution geospatial

model and the use of information available in public databases. Second, the study evaluates distributed

mean annual runoff and its uncertainty in main rivers within Western Europe in the baseline period

and in two future periods. Third, the study analyses water availability changes and its uncertainty

across Western Europe under different climate change scenarios and climate models. Finally, the study

analyses the geographically distributed relationships at a continental-scale among the mean annual

runoff, water availability, and water withdrawals under the baseline and future periods.

2. Materials and Methods

The methodological approach is detailed in Figure 1. The methodology is based on a high-resolution

GIS-based model, named “Water Availability and Adaptation Policy Assessment (WAAPA)” which

enables the estimation of water availability under many climate scenarios to produce a global picture

of the situation [33]. The model assimilates climate and geospatial information seamlessly, accounts

for reservoir storage (from an individual reservoir or from a system of reservoirs), and produces blue

water availability estimates. The model computes net blue water availability for consumptive use

of a river basin, taking into account the regulation capacity of its water supply system, and a set of

management standards defined by water policy. The model estimates the water availability not only

at the outlet of sub-basins (e.g., river intersections), but also at any desired point of the defined river

network (e.g., each dam location), by accounting for the entire system of dams in the upstream basin.

Basic components of WAAPA are reservoirs, inflows, and demands and they are linked to nodes of

the river network. The joint reservoir operation model simulates the behaviour of a set of reservoirs

that supply water for a set of prioritized demands, complying with specified ecological flows and

accounting for evaporation losses.
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Figure 1. General scheme of the applied methodology. The displayed procedure was applied to each

defined sub-basin. Grey areas indicate the first path carried out, from the selection of the emissions

scenario to the estimation of the water availability.
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In this study, we evaluated the water availability of the joint reservoir operation model following

a high resolution and global management scheme (Figure 2). For each selected sub-basin (derived

from dam locations and river confluences), this scheme considers each reservoir individually and all

reservoirs are jointly operated to supply a set of prioritized demands. It is assumed that any demand

at a given point in the stream network can be supplied by any reservoir located upstream from it.

It corresponds to a situation where there is little development of system interconnections, but a large

development of water distribution networks, which are managed globally to supply all demands

present in the analysed system. Water is first released (to satisfy demands) from the reservoirs located

at low areas of the basin. If these reservoirs are full and receive more contributions, uncontrolled spills

are released and water falls out of the system. On the other hand, if upstream reservoirs are full and

receive more inflows, the extra water is collected by the downstream reservoirs. This management

criterion is not totally real, because real systems usually are managed taking into account more

conditions and constraints. The joint reservoir operation model maximizes water availability because

it minimizes the excess storage. In each time step, the model performs the following operations:

1. It satisfies the environmental flow requirement in every reservoir with the available inflow.

Environmental flows are passed to downstream reservoirs and added to their inflows.

2. It computes evaporation in every reservoir and reduces storage accordingly.

3. It computes excess storage (storage above maximum capacity) in every reservoir (if there is an

increment of storage with the remaining inflow).

4. It satisfies demands ordered by priority, if possible. It uses excess storage first, then available

storage starting from higher priority reservoirs.

5. If excess storage remains in any reservoir, it computes uncontrolled spills.

 

 

Figure 2. Operation scheme of the high-resolution Water Availability and Adaptation Policy Assessment

(WAAPA) model for each given point of the stream network (blue lines). Triangles represent dams, big

coloured arrows represent inflows, small arrows represent reservoir evaporation, uncontrolled spills,

and environmental flows, and grey dashed lines represent supplies from each reservoir to the basin

demands (rectangles).

The result of the joint reservoir operation model is a set of time series of monthly volumes

supplied to each demand, monthly storage values, monthly values of spills, environmental flows,

and evaporation losses in every reservoir. Finally, we calculated the system performance by applying

the Gross Volume Reliability performance index. This index is the ratio of total volume supplied to

demand in the system and the total volume demanded by the system, during the analysed period [33].

In this study, water availability is estimated by considering only one demand present in the system

under the hypothesis of 90% reliability.
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To define the maximum amount of water that can be supplied at a certain point of the river

network to satisfy a regular demand, a bipartition method is applied: Excessive values of demands are

set (for example, similar to mean monthly runoff) and the simulation is carried out. The deficits are

obtained and specified reliability requirements are checked. If the specified reliability requirements

are not fulfilled, the demand is reduced by half and simulated again. If the specified reliability

requirements are satisfied, half of the difference is added and simulated again, and so on until the

deficit (or gain) is smaller than a pre-set tolerance (e.g., 0.1 hm3/year).

Case Study

The area under analysis is composed of the major river basins in Western Europe. WAAPA model

data are geographically referenced (Figure 3). Following, we present the data used to build the WAAPA

model. We determined the topology of the model by dividing the area under study into a number

of units of analysis, which are homogeneous sub-basins from the water management perspective.

The sub-basins are related through the “drain to” relationship, and the analysis is applied to all possible

basins, from the small headwater sub-basins to the largest basin draining to the sea. In this work, we

divided western Europe into sub-basins (3839), based on the Hydro1k data set (1.538 sub-basins [41]),

and the derived-from dam locations (2.301 sub-basins), which belong to 621 large basins draining to

the sea. The total area under study is over 6,000,000 km2.

 

1001
 scenario referenceat  runoff annualMean 

scenario futureat  runoff annualMean  change runoff annualMean 







Figure 3. Case study: Western Europe. (a) Domain under analysis. Colours represent the 621 major

river basins draining to the sea. (b) Information utilized for the estimation of withdrawals (domestic

(hm3/km2), agriculture (hm3/km2) and industry (hm3/km2)) in present and future scenarios and for

each analysed sub-basin.

Naturalized streamflow was obtained from the results of the application of the PCRGLOBWB

model [42] to the Inter-Sectoral Impact Model Inter-Comparison Project [43]. The PCRGLOBWB

model was run for the entire globe at 0.5◦ resolution, using forcing from five global climate models
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under historical conditions and climate change projections, corresponding to four Representative

Concentration Pathways scenarios: RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The following climate

models were used as input: GFDL-ESM2NM (GFDL), HadGEM2-ES (HadGEM2), IPSL-CM5A-LR

(IPSL), MIROC-ESM-CHEM (MIROC), and NorESM1-M (NorESM1).

Three time periods were considered: Reference (1960–1999), short term (ST, 2020–2059), and

long term (LT, 2060–2099). Since runoff obtained from climate model input usually presents significant

bias, average runoff values were corrected for bias using the UNH/GRDC (University of New

Hampshire/Global Runoff Data Centre) composite runoff field, which combines observed river

discharges with a water balance model [44], and is a reference of the current global surface

runoff [34,44,45]. Following González-Zeas [45], we applied the bias-correction methodology based

on the determination of a monthly correction factor. We calculated the monthly mean runoff series

for the control scenario to obtain twelve representative statistical parameters: The ratios between

the UNH/GRDC values (observed) and the simulated runoff. These multiplying factors were used

to correct bias in the control and the projected series. The reservoir storage volume available for

regulation in every sub-basin was obtained from the ICOLD World Register of Dams [46]. Dams in the

register with more than 5 hm3 of storage capacity were georeferenced and linked to the corresponding

storage capacity and flooded area (2.301 dams). Environmental flows were computed through a

hydrologic method. The minimum environmental flow was set to the 10% percentile of the marginal

monthly distribution, according to Spanish legislation. In the absence of more advanced methods, the

Spanish regulation for river basin plans establishes several hydrologic methods to define minimum

environmental flows [31]. One of them is based on the percentile of the marginal distribution of

monthly flows, defining a range between 5 and 15%.

In this study, we estimated current, short-, and long-term geographically distributed water withdrawals.

Country-based data on current freshwater withdrawal were taken from the World Bank database. These

data were spatially distributed using proxy variables: Population density for urban and industrial

withdrawals and irrigated area for agricultural withdrawals. The population density was obtained from

the Gridded Population of the World product of the Global Rural–Urban Mapping Project (GRUMP),

available at the Centre for International Earth Science Information Network (Figure 3b) [47]. The area

potentially under irrigation was estimated from the Global Map of Irrigated Area dataset [48]. Future

withdrawals were estimated using the projections of population and gross domestic product (GDP)

provided by IIASA. These projections were estimated following RCP scenario assumptions [38,39].

Projections of total freshwater withdrawal and industrial withdrawal were estimated from regressions

based on World Bank data using per capita GDP projections [40].

3. Results

Figure 4 shows the comparison of streamflow change from reference (1960–1999) to climate change

RCP4.5 scenarios, both for short (2020–2059) and long term (2060–2099), and over the five climate

models. Figure 4 is dimensionless (percentage), and the values were obtained by applying Equation (1).

The red shading represents a decrease (negative values) and green shading an increase (positive values)

of the future mean annual runoff. The yellow shading represents no changes of mean annual runoff

for future periods compared to the reference scenario.

Mean annual runoff change =

(

Mean annual runoff at future scenario

Mean annual runoff at reference scenario
− 1

)

× 100 (1)

Overall, the models produce a smooth picture of mean annual runoff change in Europe, with

decreases in the South. Severe negative changes are projected in the Iberian Peninsula, from the Black

Sea in the South almost to the Baltic Sea in the North, and predominantly positive changes are projected

in western to central Europe and in northern Europe. A mixed pattern with higher variability in mean

annual runoff is shown across central Europe and the Carpathians. The climate models that produce

more annual runoff reduction are HadGEM2 and NorEsM1. However, it can be seen that the values
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and spatial extent of the regions with reduced streamflow (in brownish colours) vary significantly from

one climate model to another. This is remarkable considering that all simulations were performed with

the same hydrologic model. As expected, in general, the changes are more intense in the long-term

period. The region of neutral changes (represented in yellow) moves toward the north from low carbon

(RCP2.6) to high carbon (RCP8.5) emissions scenarios (not shown).

 

 
Figure 4. Changes (percentage) of mean annual runoff in future scenarios (2020–2059 and 2060–2099)

compared with the reference scenario (1960–1999), according to different climate models and for the

emissions scenario RCP4.5. Red shading represents a decrease of the mean annual runoff and green

shading an increase.

The results of potential water availability in historical conditions (1960–1999) for all climate

models are shown in Figure 5. It shows the values of potential water availability as a function of

mean annual runoff in all the analysed sub-basins. Small, blue dots represent results in intermediate

sub-basins, while larger, darker blue dots represent results in the global basins. All models show a

similar picture, with a large variation of water availability among basins as a consequence of differences

in hydrologic regime and reservoir storage.

 

Figure 5. Mean annual water availability as a function of mean annual flow for the historical period

(1960–1999) and for the different climate models. Small, blue dots represent results in intermediate

sub-basins, while larger, darker blue dots represent results in the global river basins. Red line shows

the value of 40% of mean annual runoff. (a) GFDL model, (b) HadGEM2, (c) IPSL, (d) MIROC and

(e) NorEsM1.
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The spatial distribution of changes (between the long term and reference periods) of potential

water availability along the major rivers in Europe is presented in Figure 6, for all emissions scenarios

and climate models analysed. Figure 6 is dimensionless, and the values were obtained by applying

an equation similar to Equation 1, but using potential water availability instead of runoff. Red

shading represents a decrease (negative values) of the future potential water availability and green

shading an increase (positive values). The yellow shading represents no changes of potential water

availability compared to the reference scenario. Although, in general, the climate models show a

gradient of potential water availability changes with larger reductions in South Western Europe and

larger increases in Northern Europe, values show important differences by comparing the results

among climate models (same emissions scenario). By comparing the maps within each column

(Figure 6), we visualize important differences in the results from one climate model to another,

and by keeping each emissions scenario unaltered. The models that produce the most potential

water availability reduction are HadGEM2 and NorEsM1, while IPSL and MIROC produce the least

reductions. On the other hand, by comparing the maps within each row (Figure 6), we observe the

different results obtained for the same climate model and different emissions scenarios. It can be

seen that, in general, differences among the emissions scenarios (for each climate model) are smaller

than those among different models (for each emissions scenario). The driest scenario is RCP8.5 for all

analysed climate models.

Figure 7 shows, for each analysed sub-basin, the changes in the potential water availability in the

long-term period with respect to the reference period (y axis), as a function of changes in the mean

annual runoff in the long-term period with respect to the reference period (x axis), for all emissions

scenarios and the climate model GFDL. The equations used to plot the results are similar to the

proposed Equation 1 for the runoff variable (see Figure 4) and the proposed for the water availability

variable (see Figure 6). Quadrant 1 (q.I) shows sub-basins where runoff decreases in the future and

water availability increases. Both runoff and water availability increase in q.II, runoff increases and

water availability decreases in q.III, and both runoff and water availability decrease in q.IV. In addition,

basins with the same reduction of runoff experience different reductions in availability as a result of

changes in the hydrologic variability and their different regulation capacity.

Figure 8 shows the spatial distribution of the ratio of the runoff, water availability, and water

withdrawal for the model GFDL in emissions scenario RCP4.5 for the reference (1960–1999) and

long-term period (2060–2099). The bottom row shows potential water availability as a fraction of

runoff, the central one shows water withdrawal, also as a fraction of runoff, and the upper row shows

the water withdrawal as a fraction of water availability.
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Figure 6. Changes in potential water availability for the long-term scenario (2060–2099) compared to

the reference scenario (1960–1999), according to all climate models and emissions scenarios analysed.

Red shading represents a decrease of the potential water availability and green shading an increase

(individual maps at full resolution are available as supplementary files).
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Figure 7. Changes of mean annual water availability from historical period (1960–1999) to long-term

period (2060–2099) as a function of changes in runoff for model GFDL and emissions scenario RCP2.6,

RCP4.5, RCP6.0, and RCP8.5. Small, blue dots represent results in intermediate sub-basins, while larger,

darker blue dots represent results in the global basins. q.I, q.II, q.III, and q.IV point out each quadrant.

(a) RCP2.6, (b) RCP4.5, (c) RCP6.0 and (d) RCP8.5.

Figure 9 shows the uncertainty associated with the climate models and emissions scenarios, both

for mean annual runoff and mean water availability, by calculating the coefficient of variation (CV,

standard deviation divided by mean) in each calculation point, for each climate model (five), for

each emissions scenario (four) and for the short term (ST) and the long term (LT). We represented

the probability distribution function (Pdf) of the CVs in each case. Continuous lines represent the

uncertainty for each climate model, obtained by comparing the four emissions scenarios for each

climate model. The dashed lines represent uncertainty for each emissions scenario, obtained by

comparing the CV of the five models for each emissions scenario. Figure 9a,c shows the uncertainty

associated with runoff for the ST and LT, respectively. Comparatively, Figure 9b,d shows the uncertainty

associated with availability for the ST and LT, respectively.
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Figure 8. Spatial distribution of the per unit change of potential water availability between the historical

period (1960–1999) and the long-term period (2070–2099) for the model GFDL, under the emissions

scenario RCP4.5. (Top row) Withdrawal as a fraction of availability. (Centre row) Water withdrawal as

a fraction of runoff. (Bottom row) Potential water availability as a fraction of runoff.
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Figure 9. Climate model and emissions scenario uncertainties. Each continuous line represents the

probability distribution function (Pdf) of the coefficient of variation (CV) corresponding to mean annual

runoff and mean annual water availability in each calculation point, for each climate model (GFDL,

green; HadGEM2, brown; IPSL, purple; MIROC, red; and NorEsH1, blue) and four emissions scenarios

(RCP2.6, RCP4.5, RCP6.0, and RCP 8.5). Dashed line represents the Pdf of CV for each emissions

scenario and the five climate models. (a) Runoff and short-term period (ST) and (c) long-term period

(LT); (b) Water availability and ST and (d) LT.

4. Discussion

Both for short- and long-term periods, the models show similar spatial patterns of mean annual

runoff changes in Europe, with decreases in the south, especially in the south-west and increases in the

north. Our results agree with global and continental-scale studies that reported mean annual runoff

projections [1,49,50]. These studies provide a coherent pattern of change in annual runoff, predicting

with a high degree of confidence severe decreases (up to 40%) of surface runoff in areas already affected

by water scarcity, like the Mediterranean region, and are consistent with the projected runoff increases

in northern Europe (5–30%). However, it can be seen that the values and spatial extent of the regions

with reduced streamflow vary significantly from one climate model to another. It suggests that there is

an important climate model uncertainty, being the changes of mean annual runoff among emissions

scenarios (and the same climate model) smaller than those among the different climate models (same

emissions scenario).

In the short-term runoff, Figure 9a clearly shows that higher CV values are more frequent (amplitude

of each Pdf curve) by comparing the results among models (and the same emissions scenario, dashed

lines) than among emissions scenarios (and the same climate model, continuous lines). In addition,

the uncertainties associated with the emissions scenarios are also similar among them (differences

among continuous lines for the y axis). Although climate change models are the most robust tools

available to generate consistent climate change projections, they are still a source of considerable

uncertainties [10,51]. In this regard, Garrote [18] highlighted that the uncertainty has not been reduced

with the progressive improvement of modelling tools; on the contrary, it seems to be increasing as a

result of the evolving approach to generating emissions scenarios. On the other hand, results suggest

that, because of the number of variables and complexity involved in the estimation of the future
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climate, its estimation has an implicit uncertainty that should be acknowledged for the development

of climate adaptation plans. In the long-term runoff (Figure 9c), the uncertainty increases (increasing

the amplitude of the Pdf curves) for both climate models and emissions scenarios, although climate

models remain more uncertain than emissions scenarios. Also, greater dispersion of uncertainty

is found among models than among emissions scenarios. It could be partially explained by the

increase of the differences between emissions scenarios for the long-term analysis. These results

are consistent with several inter-comparison studies that also show considerable variability in the

magnitude and timing of the projected runoff [9,49,50,52,53]. At this point, it is remarkable that all

simulations in this study were performed with the same hydrologic model. Databases of climate

scenarios are available from different research projects [54,55], including surface runoff among their

output variables. As the characterization of the water cycle in the models used in these types of

studies usually is very simple and results provide a low signal-to-noise ratio (especially in arid and

semi-arid regions), varying the large-scale hydrological models incorporates an additional source of

uncertainty [18,50,52]. Some authors state that hydrologic model uncertainties are less significant than

those originating from climate change models [9,56].

Changes in potential water availability in short- and long-term scenarios according to all climate

models and emissions scenarios were analysed. High resolution results showed similar future spatial

patterns to mean annual runoff, with the differences among the emissions scenarios (for each climate

model) being smaller than those among different models (for each emissions scenario). Figure 9b

shows that the uncertainty associated with the emissions scenarios increases and their values draw

near to the climate model uncertainties. Furthermore, the Pdfs of the uncertainty associated with the

climate models for water availability remain similar to that for runoff. Similar behaviour is observed

for the long-term period (Figure 9d). It suggests that the management of hydraulic infrastructures

(mainly reservoirs in this study) plays an important role by decoupling water availability from

hydrologic variability. This is observed for all climate models and emissions scenarios considered.

Svensson et al. [57] reinforced the importance of the installation of reservoirs in several river basins

in Europe in the last century, by attenuating the basins’ drought conditions. For quantifying and

summarizing purposes, Table 1 shows the emissions scenarios’ and climate models’ uncertainty for the

50% probability of exceeding CV values. Several local and regional studies agree that the propagation

of the uncertainties affects water resource system performances [26,58–60]. Thus, the assessment (or

projection) of the performance of a water resources system should be evaluated with extreme care.

As previously stated, the reservoir operation model applied in WAAPA is highly simplified and was

designed to maximize water availability. Thus, the reality of reservoir operation is much more complex.

Usually, not all reservoirs in the basin are jointly managed to supply all demands. They are either

managed individually to supply local demands or grouped in systems that are managed independently.

Availability of storage volume for water conservation management is also variable according to local

conditions, due to the need to allocate storage volume to flood control. Therefore, it is unlikely that

upstream reservoirs are kept full to release space in downstream reservoirs. Normal operation would

tend to balance storage in all reservoirs to prevent uncontrolled spills. In practice, the spatial pattern of

water availability will differ from that obtained in WAAPA. WAAPA results should only be considered

as an upper bound of the actual water availability that could be obtained in practice.

Results from the comparisons of the changes in potential water availability with changes in runoff

clearly show how changes in the former are not proportional to changes in the latter, suggesting the

inadequacy of methodologies that estimate availability as a fraction of mean annual runoff. As an

example, in Figure 5, the red line shows the traditional value of 40% of the mean annual runoff adopted

for water availability when no simulation of reservoir regulation is performed [61]. It can be seen that

adopting this constant value as a proxy of water availability can be strongly misleading, since only

those basins with very regular flow or very large reservoir storage can reach this value. In most basins,

water availability is a smaller fraction of the mean annual runoff.

17



Water 2019, 11, 420

Table 1. Summary of the emissions scenarios’ and climate models’ uncertainty for the 50% probability

of exceeding CV values.

Scenario Uncertainty

Climate Models Runof ST Runof LT Availability ST Avaliability LT

CV-GFDL 0.05 0.07 0.15 0.16
CV-HadGEM2 0.05 0.12 0.17 0.16

CV-IPSL 0.05 0.13 0.14 0.18
CV-MIROC 0.05 0.07 0.15 0.18

CV-NorEsH1 0.04 0.10 0.15 0.15
Average 0.05 0.10 0.15 0.17

Emission Scenarios Model Uncertainty

CV-RCP2P6 0.16 0.17 0.16 0.17
CV-RCP4P5 0.16 0.18 0.19 0.16
CV-RCP6P0 0.14 0.20 0.16 0.17
CV-RCP8P5 0.17 0.23 0.17 0.18

Average 0.16 0.19 0.17 0.17

As shown, availability and withdrawal are only a small fraction of runoff in most of Europe

and their projected changes are small, except for the south-east and the south-west. However,

the representation of the water withdrawal as a fraction of water availability (Figure 8, upper row)

shows that these two variables have similar values in many regions of Europe, and that they are

getting closer in the long-term scenario. It means that in many regions, water shortage struggles

to satisfy the demand with a specific reliability could emerge or increase, both for the present and

future periods. It can also be seen that the relationship between these variables is complex, and that it

varies significantly among regions, depending on hydrologic regime, climate, reservoir storage, and

socioeconomic factors.

Green water (not analysed in this study), similarly to blue water, is also expected to decrease in

most of western Europe except for northern countries. However, changes in green water result from

complex interplay of impacts on precipitation, temperature, and CO2 concentration, which ultimately

affects potential evapotranspiration, soil moisture conditions, and growing periods. Thus, patterns of

expected changes differ for green and blue water [62]. Irrigation demands will also be affected, due to

modified seasonal patterns and evapotranspiration demands [36,63].

Finally, some limitations of this study should be noted. We estimated the potential water availability

(upper theory limit) by considering only one demand present in the system. System performance was

evaluated as gross volume reliability. Potential water availability was obtained under the hypothesis

of 90% reliability. The data used in this study were obtained from specific climate models and

emissions scenarios, thus, the conclusions derived from this study are inextricably affected by the

models’ uncertainty. Additionally, we made a series of simplifying assumptions. We assumed variable

geographic and temporal water withdrawals, both in the present and future climate, from indirect

methods (GDP and population). We assumed that the reservoirs, whose sole purpose was hydropower

generation, were not included in the systems to manage the water resources. We considered that the

hydraulic infrastructure corresponding to each analysed sub-basin (determined from a given point in

the stream network) was being jointly managed to supply global demands, while in some real cases it

could have been divided in to several rather independent subsystems. Furthermore, in our model,

there were no system interconnections nor a large-scale water distribution infrastructure. We did

not consider other sources of uncertainty as, for instance, the observed climate data source or the

hydrologic model applied and the inclusion of regional climate models (RCMs). It is expected that

RCMs have less associated uncertainty than GCMs when a particular region is analysed, as they

account for more detailed and specific regional characteristics.
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5. Conclusions

This study presents the potential water availability changes under alternative climate change

scenarios in western Europe. Results are geographically referenced at high resolution across the

major European river basins. The study includes the estimation of the associated uncertainties,

resulting from differences among climate change scenarios and climate models. The authors are

not aware of similar studies conducted at such a high-resolution continental scale. In this study,

we applied the WAAPA model on a high-resolution dataset to analyse water availability changes

across western Europe. The proposed model and the applied methodology demonstrated their ability

to perform regional studies covering extensive domains, while maintaining high resolution on the

characterization of the systems. The climate models that produced the most reduction of mean

annual runoff and potential water availability were HadGEM2 and NorEsM1, while IPSL and MIROC

produced the least reduction. Overall, for both mean annual runoff and potential water availability,

a gradually varying picture of change in Europe was observed, with a decrease in the south (especially

in the south-west) and an increase in the north. Moreover, the region of neutral changes moves to

the north, from low carbon (RCP2.6) to high carbon (RCP8.5) emissions scenarios. Climate model

uncertainties for mean annual runoff and potential water availability were found to be higher than

scenario uncertainties. This conclusion was derived by comparing the variability of the results obtained,

while the PCRGLOBWB model was forced with different climate models under the same emissions

scenario to that of the results from different emissions scenarios for the same climate model forcing.

Thus, although climate change models are the most robust tools available to generate consistent climate

change projections, they are still a source of considerable uncertainties and their results should be

carefully used for operative purposes.

While potential water availability and water withdrawal are only a small fraction of runoff

in most of Europe for current and future scenarios (except in the south-east and the south-west of

Europe), water withdrawal and water availability are similar in many regions of Europe, and they are

getting closer in the long-term scenario (2060–2099). Thus, the balance between water availability and

withdrawals is threatened in some regions. Furthermore, social factors, like management of hydraulic

infrastructure, play an important role by decoupling water availability from hydrologic variability.

This is observed for all climate models and emissions scenarios considered. Finally, although this

study presents significant progress in terms of spatial scale and detail compared to previous studies, it

is still only indicative of the importance of regional change, due to the assumptions and uncertainties

discussed. Nevertheless, the results are useful for envisioning potential water resource system conflicts

and contributing to the identification of regions where an in-depth analysis may be necessary.
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Abstract: Recent trends suggest that streamflow discharge is diminishing in many rivers of Southern

Europe and that interannual variability is increasing. This threatens to aggravate water scarcity

problems that periodically arise in this region, because both effects will deteriorate the performance

of reservoirs, decreasing their reliable yield. Reservoir storage is the key infrastructure to overcome

variability and to enhance water availability in semiarid climates. This paper presents an analysis of

the role of reservoir storage in preserving water availability under climate change scenarios. The

study is focused on 16 major Southern European basins. Potential water availability was calculated in

these basins under current condition and for 35 different climatic projections for the period 2070–2100.

The results show that the expected reduction of water availability is comparable to the decrease of the

mean annual flow in basins with large storage capacity. For basins with small storage, the expected

reduction of water availability is larger than the reduction of mean annual flow. Additionally, a

sensitivity analysis was carried out by replicating the analysis assuming variable reservoir volumes

from 25% to 175% of current storage. The results show that increasing storage capacity attenuates the

reduction of water availability and reduces its uncertainty under climate change projections. This

feature would allow water managers to develop suitable policies to mitigate the impacts of climate

change, thus enhancing the resilience of the system.

Keywords: climate change; reservoir performance; water availability; water resources

1. Introduction

Climate change, associated with the recorded rise of average temperatures, which
are expected to continue increasing to a greater or lesser extent, may also influence other
climatic variables such as precipitation, frost, or evapotranspiration [1]. All these changes
may affect, in turn, the hydrological processes and consequently net water resources. This
threatens the performance of water resource systems and their capability to supply demand
and ecological need as presently planned. Therefore, it is necessary to assess both the
impact on water resources and the behavior of water systems under such a scenario [2].

Many authors have devoted significant efforts to evaluate net water resources in
climate change projections, on all scales from global to basin [3–9]. Their results show
that climate change will affect, in varying ways and to different extents, each region of the
planet. As a global result, it could be synthesized that there will be a reduction of water
resources of between 10% and 30% [1]. This is an indicative value, useful for developing
macro-policies and for raising awareness in the population.

With regard to Southern Europe, despite the dispersion of the various models, the
general trend indicates that net resources will decrease, and that the variability of their
distribution will increase, as shown in the results of the Prediction of regional scenarios
and uncertainties for defining European climate change risks and effects (PRUDENCE) [10]
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and Climate change and its impacts at seasonal, decadal and centennial timescales (EN-
SEMBLES) [11] projects. In Southern Europe, the prognosis is that traditional water scarcity
problems will be aggravated. In many basins in this region, the available resources can
hardly meet the existing water demands [12]. These are areas with a benign climate, which
favors the implementation of agriculture and the development of tourism and services. All
these activities require substantial amounts of water. Although these regions have scarce
water resources, they are also resilient as they have long experience in dealing with water
scarcity and are well adapted to its management [13].

The present study focuses on understanding the effect of reservoir storage capacity on
water availability in Southern European basins under climate change. As above mentioned,
these basins are typically characterized by scarce and highly variable water resources. The
adopted strategy for water resources development in the last century relied on reservoir
storage, as it is necessary to store water during the wet periods for its use in the dry ones. In
Spain, for example, the existing 1350 large dams helped to increase water availability from
10% to between 40% and 50% of mean natural flow during the last century [14]. As storage
capacity grew in parallel with water use, this water availability is used strictly enough
to serve current water needs. Alternative adaptation and mitigation measures are being
developed in the current century: controlling irrigation water rights, increasing water use
efficiency through localized and drip irrigation, developing non-conventional resources,
such as water reutilization and desalination, among others [15,16]. Despite these efforts,
projections of climate change suggest less water resources with higher variability, which
will negatively affect system performance, so water availability is expected to reverse its
growing trend [17].

The analysis of reservoir storage capacity and its relationship with safe yield has been
a topic of study since the beginning of the development of large hydraulic systems [18].
Initially, graphical methods were developed to determine the reservoir capacity needed
to satisfy a given demand with required reliability, and their use was restricted to single
reservoir models. Later methods introduced uncertainty of future inflows and attempted
to estimate required reservoir size through statistical analysis of inflows, leading to the con-
cepts of risk of failure and reliability. The development of computing allowed the stochastic
generation of synthetic series and the disaggregated analysis of multiple reservoirs in
a system [19]. Löf and Hardison [20] provided storage-reliability-yield (SRY) relations
for assessing the required storage capacity in the USA. The study was later revisited by
Vogel et al. [21], who concluded that areas with lower variability tend to be equipped with
within-year storage systems while those with large variability required larger over-year
storage facilities. Further developments introduced the concepts of resilience and robust-
ness [22] to complete the reliability-yield analysis [23]. An alternative approach is the
simulation of the water resources system behavior, which in conjunction with the power
of computers allows the development of complex models that reproduce a simulated
operation of the system [24–26]. These models are useful as decision-support tools for
allocating water among users and assessing the effectiveness of structural and managerial
actions [27,28] and their capabilities are even extended to groundwater resources and social
and economic considerations [29].

Focus is slowly being placed on the impact of climate change on water availability
and the role of reservoir storage to increase resilience. Wurbs et al. [30] highlighted the
need to introduce climate change in the analysis of water availability and proposed a
methodology to couple climatic and system behavior models. Garrote et al. [31] developed
a simulation model specifically suited to account for the role of reservoirs in providing
water availability in the context of climate change. Several authors [32–34] have argued in
favor of adaptive reservoir management as an effective mitigation measure during climate
change. Adaptive management requires a good knowledge of the interplay between
reservoir storage and the reliability, resilience, and vulnerability of a water supply system
subject to uncertain input [35]. Water availability deriving from reservoir systems may
become increasingly unstable under climate change [36] and knowledge on how regulated
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water supply systems react to flow alterations is essential for system managers to design
climate adaptation policies.

This paper looks beyond the impact of climate change on water availability to pro-
vide insight into the performance of reservoir storage systems and their effectiveness of
adaptation and mitigation measures. With this purpose we include a regional analysis of
the performance of reservoir storage and a sensitivity analysis of the reservoir-yield rela-
tions under less abundant resources and larger variability conditions in 16 representative
European basins. The objective of the research is to check if reservoir storage enhances
resilience to climate change. Given the uncertainty of climate projections, the adopted
approach is to evaluate basin response under a large ensemble of plausible future scenarios
and to evaluate if reservoir storage plays a role in determining the response to changes
in hydrologic forcing. System response is quantified in terms of the elasticity of water
availability to climate change, comparing changes in potential water availability with
changes in mean annual flow. Elasticity is evaluated with the help of two new indices
proposed in this work, which characterize the attenuation of changes and the reduction of
uncertainty provided by reservoir storage.

2. Data and Methods

2.1. Area under Analysis

We present results for 16 major river basins in Europe, which are shown in Figure 1.
Basin selection was based on a regional focus on Southern Europe, but including different
climates, hydrologic regimes, and storage capacities to allow for a more effective com-
parison. The selected basins cover a large fraction of the Atlantic and Mediterranean
divides of Southern Europe and are representative of the variety of conditions that can be
found across the region. The main characteristics of the basins considered in this study
are shown in Table 1. Basin areas range from 17,550 km2 (Segura) to 115,910 km2 (Loire).
Reservoir Storage Volume V includes all reservoirs, except those managed exclusively for
hydropower. The basin with largest storage volume is Guadiana, which includes two of the
largest reservoirs in Southern Europe: Alqueva (4.15 km3) and La Serena (3.21 km3). Basin
hydrology is very variable, with Specific Runoff ranging from 11 mm/year in the Segura
basin to 563 mm/year in the Po basin. The most relevant characteristic for this study is
specific storage, defined as the ratio of Storage Volume V in km3 divided by Mean Annual
Flow F in km3/year for the period 1960–1999. This ratio is usually called Residence Time
(in years) and represents the regulation capacity of reservoirs in the basin. In the basins
under study, it ranges across three orders of magnitude, from 0.01 years (Arno) to nearly 6
years (Segura).

The spatial support for the analysis is taken from the “Hydro1k” data set [37], derived
from the Global 30 Arc-Second Elevation (GTOPO) 30 arc-second digital elevation model of
the world. The dataset provides a digital elevation map and a set of topographically derived
rasters at 1 km resolution, including streams and drainage basins divided into catchments.
The original drainage basins in “Hydro1k” were processed to eliminate catchments which
were too small (less than 1000 km2), which were merged to neighboring catchments. The
merging was always done with downstream areas and avoiding catchments including
reservoirs. The reservoir storage volume in every catchment was obtained from the
International Commission on Large Dams (ICOLD) World Register of Dams [38]. We
selected dams in the register with more than 0.005 km3 of storage capacity, excluding
dams managed only for hydropower. The reservoirs were georeferenced and linked to the
corresponding Hydro1k streams. All dams located in the same Hydro1k subbasin were
grouped in an equivalent reservoir adding the storage volume and flooded area (to account
for reservoir evaporation losses).
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Figure 1. Southern European basins considered in this study.

Table 1. Basic characteristics of the basins analyzed in this study.

Basin
Basin

Area (A)
(103 km2)

Mean Annual
Flow (F)

(km3/year)

Storage
Volume (V)

(km3)

Specific
Runoff (F/A)
(mm/year)

Residence
Time (V/F)

year

1-Arno 10.30 4.75 0.07 462 0.01
2-Po 84.73 47.68 0.93 563 0.02

3-Loire 115.91 28.82 0.72 249 0.02
4-Tiber 17.31 7.95 0.36 459 0.04

5-Garonne 79.67 26.21 1.81 329 0.07
6-Rhône 88.43 43.79 3.72 495 0.08

7-Struma-Strymon 16.81 2.24 0.23 133 0.10
8-Duero-Douro 96.24 19.91 3.48 207 0.17
9-Vardar-Axios 22.73 4.56 1.17 201 0.26

10-Ebro 84.90 15.33 4.63 181 0.30
11-Maritsa-Evros 52.60 7.70 3.57 146 0.46
12-Guadalquivir 54.96 8.66 6.27 158 0.72

13-Tajo-Tejo 69.73 11.99 8.88 172 0.74
14-Júcar 21.83 0.89 2.58 41 2.91

15-Guadiana 60.85 4.23 14.19 70 3.35
16-Segura 17.55 0.20 1.17 11 5.83

2.2. Methodological Overview

The methodological approach is presented in Figure 2. The analysis is structured in
three steps: analysis of the forcing scenarios for water resources systems, analysis of system
response in terms of potential water availability, and analysis of the sensitivity of system
response to reservoir storage. The analysis of system forcing consists of the compilation
of a large name of model runs producing monthly streamflow series in the basins under
analysis, both for a historic control period and for a projected future period. Streamflow
series for the control period were corrected for bias. Streamflow series for the future period
were obtained under different climate scenarios. The scenarios were characterized in
terms of the expected changes of mean, standard deviation, and coefficient of variation
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of annual streamflow. The analysis of system response is focused on the estimation of
the potential water availability allowed by current reservoir storage in the basins under
analysis. Uncertainty of potential water availability is first characterized for the control and
the future periods. Then, the elasticity of water availability to climate changes is explored
by comparing changes in potential water availability to changes in mean annual flow, both
for individual projections and for the distribution of all projections in each basin. The
focus of the analysis is to explore how this elasticity is affected by reservoir storage and
streamflow variability. The third step is focused on exploring the sensitivity to reservoir
storage. The analyses of the previous step are repeated considering variable storage in each
basin. The performance of the system is characterized by two new indices proposed in this
study: the attenuation index and the uncertainty index. These indices describe how the
performance of the water supply system is affected by changes in streamflow. The main
conclusions of the study are obtained by comparing how these indices change as a function
of reservoir storage for all basins.

 

Figure 2. Main methodological steps followed in the analysis. White circles show the figures that illustrate results from

each step.

2.3. Current and Future Runoff Scenarios

The focus of the present study is the analysis of the role of reservoir storage to
determine how water resources systems react to changes in hydrologic forcing. An effort
was made to obtain a wide ensemble of scenarios that would represent the uncertainty
linked to climate projections. Therefore, we chose to combine model results obtained
under two sets of emission scenarios, the Special Report on Emission Scenarios (SRES) and
Representative Concentration Pathways (RCP), in order to increase the size of the ensemble.
Current and future runoff scenarios were compiled from three previous studies that include
Southern Europe [39–41]. These studies were based on results from different climate models
developed over the last 15 years under two sets of emission scenarios: SRES and RCP. They
jointly describe the uncertainty that is currently challenging water managers.

The first set of scenarios was taken from the output of regional climate models from
the PRUDENCE project [10]. The study by González-Zeas et al. [39] was based on the
projections of surface runoff made by eight RCMs at 50 km resolution nested in a single
global model, referred to as HadAM3H, in emission scenarios A2 and B2. They analyzed
current (1960–1990) and future (2070–2100) time slices. The second set of scenarios was
based on the results of the Regional Climate Models (RCMs) of the ENSEMBLES project [11].
The project produced many transient model runs for the time period from 1960 to 2100
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using RCMs to characterize model uncertainty. The study by Garrote et al. [40] selected
runoff output from four ENSEMBLES models at 25 km resolution under emission scenario
A1B to study the major Mediterranean river basins of Europe. They worked with windows
of analysis on the transient model runs in three time slices: historical (1960–1990), short
term (2020–2050) and long term (2070–2100). In the first two sets of scenarios, monthly
runoff time series were directly obtained from the “Total runoff” variable (mrro) produced
by RCMs. The values of surface runoff flux available at the nodes of the native grid of
the RCMs (50 km resolution in PRUDENCE and 25 km resolution in ENSEMBLES) were
used to produce monthly runoff maps by interpolation at the finer grid provided by the
Hydro1k dataset (1 km). The center of the RCM grid was taken as a point equal to the
average for that cell. Interpolation was based on a weighted mean using the inverse of
the distance squared as weight. These runoff maps were combined with the subbasin
definitions of Hydro1k to obtain monthly streamflow values for each subbasin. The
third set of scenarios was based on the results of the global hydrological model PCRaster
GLOBal Water Balance (PCRGLOBWB) model [42] in the Inter-Sectorial Impact Model
Intercomparison Project (ISIMIP) [43]. In ISIMIP, the PCRGLOBWB model was forced
with five global climate models under historical conditions and climate change projections
corresponding to four Representative Concentration Pathways scenarios: RCP-2., RCP-4.,
RCP-6. and RCP-8., corresponding to radiative forcing in the year 2100 of 2.6, 4.5, 6.0, and
8.5 W/m2, respectively. The study by Sordo-Ward et al. [41] used naturalized streamflow
from PCRGLOBWB at 50 km resolution to analyze 1261 subbasins covering the entire
territory of Western Europe. They considered two time slices in their analysis: historical
(1960–1999) and long-term projection (2060–2099). The monthly streamflow time series
in the subbasins were also obtained from monthly runoff maps derived from the runoff
produced from the PCRGLOBWB model through interpolation at the Hydro1k 1 km grid.

A total of 16 model runs were compiled for the historical period (eight model runs
from the PRUDENCE project, three model runs from the ENSEMBLES projects and five
model runs from the PCRGLOBWB model). The windows of analysis in this period overlap
for years 1960–1990. All these model runs produced different results in the basins under
analysis. To assess the quality of these hydrological projections, the results obtained at the
working scale of each model run were compared to a reference estimate of mean annual
runoff under current conditions. The selected reference was the annual surface runoff layer
(Global Composite Runoff Fields) of the University of New Hampshire Global Runoff Data
Centre (GRDC) [44]. This data layer was produced by combining a database of observed
river discharge information in more than 9900 gauging stations with a climate-driven water
balance model to develop consistent runoff fields. The combination of direct readings
from gauging stations with the water balance model preserves the spatial distribution of
runoff generation and provides the best estimate of observed runoff over large domains.
The mean values of the time series compiled for the historical period were compared with
mean annual runoff produced by GRDC. The results are presented in Figure 3, which
shows the scatterplot resulting from comparing catchment mean annual runoff produced
from GRDC with that produced by model runs for the historical period. Model runs
corresponding to the Special Report on Emissions Scenarios (SRES) (PRUDENCE and
ENSEMBLES projects) show poor agreement. The models that performed best were
Universidad de Castilla La Mancha (UCM) and Eidgenössische Technische Hochschule
Zürich (ETHZ2), with coefficients of determination slightly lower than 0.6. This poor
performance can be explained because runoff was obtained directly from RCM output.
Model runs for the RCP scenarios (ISIMIP project) were produced by the hydrological
model PCRGLOBWB. They show better performance, with coefficients of determination
close to 0.7, but they reveal significant bias for low runoff. The discrepancies obtained in
the comparison suggest that bias correction is necessary to overcome this very large model
uncertainty. Using the monthly series of individual models without bias correction would
imply significant distortion in the regulation provided by reservoirs in each basin. The ratio
between reservoir storage capacity and mean annual flow would change for each model

28



Water 2021, 13, 85

run, affecting the evaluation of the regulation capacity provided by the reservoirs. For this
reason, runoff derived from RCM results and from PCRGLOBWB was corrected for bias in
each location. The chosen method for bias correction was linear scaling [45]. This method
is justified by data availability, because GRDC only provides monthly long-term means of
runoff. Therefore, all model projections for the historical period have the same mean.

Figure 3. Comparison of mean annual runoff in catchments produced from the Global Runoff Data Set (GRDC) dataset

with that produced by model runs for the historical period.

The number of model runs compiled for the long-term climate change projection was
35: eight model runs corresponding to the A2 scenario, four model runs corresponding to
the B2 scenario, three model runs for the A1B scenario, five model runs for RCP-2 scenario,
five model runs for RCP-4 scenario, five model runs for RCP-6 scenario and five model
runs for RCP-8 scenario. The windows of analysis in the long-term projection overlap
for the years 2070–2099. These projections were corrected for model bias by applying the
same correction as in the corresponding model in the historical period. This ensemble
of climate projections was put together from different projects developed over a 15-year
period, running a range of global climate models under two sets of emission scenarios, and
applying different methodologies. It can thus be considered a representative description of
the range of scenarios that climate change science is projecting for the region. However, it
should be noted that runoff projections derived from climate models are uncertain. Climate
models provide a good overall representation of climate, but their performance degrades at
the scale of individual grid boxes, indicating that they are not skillful at their smallest scale.
The performance of RCMs generally improves after suitably removing bias. However,
model errors still remain large, particularly for climatic variables relevant for hydrology,
like precipitation or runoff [46]. Given this inherent uncertainty, a basic hypothesis of this
work is that water management decisions based on the global analysis of a wide range of
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projections produces better results than decisions based on a very detailed analysis of a
reduced number of projections.

The average annual runoff obtained from GRDC in the period 1960–2000 was also
used to characterize the basins under analysis. The relationship between Specific Runoff
and reservoir Residence Time is plotted in Figure 4 for all Hydro1k basins in Southern
Europe, highlighting the 16 basins under analysis. As can be seen in Figure 4, there is
a clear relation between both variables, with larger values of storage corresponding to
basins with lower values of specific runoff. The selected basins produce a good coverage of
the possible range of behaviors found in the region, from basins with large specific water
resources and low storage capacity like Arno, Po or Loire, to others in the opposite situation
with very low water resources and large storage volumes as Júcar, Guadiana or Segura.

 

F/A V/FFigure 4. Relation between Specific Runoff (F/A) and reservoir Residence Time (V/F) for Hydro1K basins in Southern

Europe. The 16 basins under study are highlighted using the same color coding and numbering as in Figure 1.

2.4. Water Availability Analysis

The study is based on the analysis of how climate change affects water availability in
the different basins, and how this affect is modified by available reservoir storage. Potential
Water Availability (PWA) is defined as the annual water demand that can be satisfied
in a point of the drainage network with a given reliability. PWA depends on the mean
and variability of the streamflow series, the storage available for flow regulation, the
monthly distribution of the demand and the reliability indicator adopted in the analysis.
In this study, PWA was estimated with the Water Availability and Adaptation Policy
Analysis (WAAPA) model [31,47]. WAAPA simulates the operation of a complex water
resources system with many reservoirs. The basic topological unit of WAAPA is the river
network. The main components are inflows, reservoirs and demands, all linked to nodes
in the network. WAAPA computes the amount of water supplied to demands from a
system of reservoirs accounting for ecological flows and evaporation losses. Input data
for WAAPA are monthly inflows in relevant points of the river network, monthly demand
values, and reservoir data. Reservoirs are described by monthly maximum and minimum
capacity, storage-area relationship, monthly rates of evaporation, and monthly required
environmental flow. WAAPA applies an algorithm with simple operating rules, where
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all reservoirs in the basin are jointly managed to satisfy the set of demands, drawing
water preferably from reservoirs located upstream. This algorithm is applied to potential
demands located in every node in the river network, and therefore water availability is
obtained for the entire river network. The main results of WAAPA are time series of
monthly volumes supplied to each demand, monthly storage values and monthly values
of spills, environmental flows, and evaporation losses in every reservoir. From this output,
demand reliability can be computed for the criterion of choice (volume reliability, time
reliability at the monthly or annual scale, or more complex criteria).

WAAPA can obtain PWA for a given demand reliability criterion through an iterative
scheme that changes local demand values until the reliability criterion is met with a given
precision. In this study, PWA is estimated by considering only one type of demand in
the system, with constant monthly distribution. This choice was made because the true
monthly distribution of demands in each model node is unknown. Results therefore should
be considered only approximate and could be fine-tuned if the ratio between urban and
irrigation demand was known in every model node. Ecological flows were specified as the
10% percentile of the monthly marginal distribution of natural flows. System performance
is evaluated as gross volume reliability. PWA is obtained for 92% volume reliability. This
reliability level was chosen as an intermediate value between reliabilities required from
urban demands (usually close to 100%) and those required from irrigation demand (usually
close to 90%), assuming an approximate distribution of 20% urban demand and 80%
irrigation demand, which is typical of Portugal, Spain, and Greece [48].

3. Results and Discussion

The WAAPA model was run for the European Mediterranean region for the 16 hydro-
logic scenarios corresponding to the historical period (1960–2000) and for the 35 hydrologic
scenarios corresponding to climate projections for the long-term time horizon 2070–2100.
The long-term time horizon was chosen for two reasons. Firstly, the results from PRU-
DENCE project were only available for this time horizon. Secondly, the changes in the
long-term time horizon are usually more accentuated than in the mid-term time horizon
and the effects are more apparent. Results were obtained for all catchments in the Hydro1k
dataset, but, for the sake of simplicity, we only present global results for the 16 basins under
analysis. We first analyze the climate projections, then we present the results obtained
for PWA in the basins. Average values of these results are summarized in Table 2 and
presented and discussed in detail in the following section. Finally, the role of storage is
studied through a sensitivity analysis.

3.1. Climate Projections

We first present the characterization of climate projections for the basins under study.
Climate projections were taken from the runoff variable of RCM models in the PRUDENCE
and ENSEMBLES projects (under SRES emission scenarios) and of the PCRGBLOBWB
hydrologic model (under RCP emission scenarios). Mean and coefficient of variation
of annual flows were computed for each basin during the historical period and during
the long-term projection. Changes in the long-term projection were estimated taking the
control period as a reference, applying the following expressions:

∆F =
FPROJ − FHIST

FHIST
; ∆SD =

SDPROJ − SDHIST

SDHIST
; ∆CV =

CVPROJ − CVHIST

CVHIST
(1)

where F is Mean Annual Flow, SD is the Standard Deviation of the annual time series of
streamflow, and CV is the Coefficient of Variation of the annual time series of streamflow
(standard deviation of the annual time series divided by mean annual flow). The sub-
indices HIST and PROJ refer to the historical period and to the long-term projection.
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Table 2. Summary of the results of the analysis of changes in streamflow ∆F, ∆SD and ∆CV and Potential Water Availability,

∆PWA, in the basins analyzed in this study (Ave: average of values for the 35 projections; Std: standard deviation of the

values for the 35 projections).

Basin
∆F ∆SD ∆CV ∆PWA

Ave Std Ave Std Ave Std Ave Std

1-Arno −0.10 0.19 0.04 0.22 0.23 0.36 0.00 0.36
2-Po −0.04 0.18 0.09 0.21 0.20 0.29 −0.23 0.27

3-Loire −0.09 0.19 0.05 0.28 0.43 0.45 −0.21 0.32
4-Tiber −0.12 0.19 0.03 0.26 0.53 0.53 −0.17 0.32

5-Garonne −0.14 0.19 0.02 0.26 0.46 0.43 −0.18 0.27
6-Rhône −0.06 0.17 0.11 0.26 0.28 0.33 −0.16 0.26

7-Struma-Strymon −0.26 0.20 −0.13 0.22 0.93 1.00 −0.17 0.26
8-Duero-Douro −0.22 0.22 −0.01 0.34 0.67 0.64 −0.28 0.20
9-Vardar-Axios −0.23 0.19 −0.06 0.22 1.01 1.06 −0.18 0.23

10-Ebro −0.20 0.20 −0.07 0.22 0.50 0.53 −0.19 0.17
11-Maritsa-Evros −0.20 0.21 −0.04 0.32 0.21 0.78 −0.15 0.28
12-Guadalquivir −0.43 0.31 −0.33 0.32 0.50 0.53 −0.35 0.28

13-Tajo-Tejo −0.29 0.25 −0.12 0.31 0.75 0.93 −0.27 0.21
14-Júcar −0.27 0.27 −0.11 0.38 1.38 1.63 −0.27 0.24

15-Guadiana −0.35 0.40 −0.21 0.43 1.46 1.42 −0.35 0.29
16-Segura −0.29 0.33 −0.15 0.47 0.74 1.40 −0.27 0.28

The results are depicted in Figure 5, which compares the relative changes in Standard
Deviation (∆SD) and Coefficient of Variation (∆CV) of annual flows versus changes in
Mean Annual Flow (∆F) for the 35 available projections in the 16 basins under study. All
projections are shown together in the left plots of Figure 5, showing for basins the same
color codes as in Table 1 and Figure 1. The plots on the right show the mean value for
each basin. A plot of each basin is available in the Supplementary Materials, showing
individual projections. Projections under SRES emission scenarios are represented as plus
signs and projections under RCP scenarios are represented as circles. The analysis of
chart (a) of Figure 5 shows positive correlation between changes in Mean Annual Flow ∆F
and Standard Deviation ∆SD. If the changes of F and SD were similar, the scatter plot of
Figure 5a would be centered around the main diagonal (highlighted in grey). The mean
values of changes are above the main diagonal for all basins, suggesting a relative increase
of variability in future projections. The joint analysis of all projections for all basins in chart
(c) of Figure 5 shows negative correlation between changes in Mean Annual Flow ∆F and
Coefficient of Variation ∆CV: reduction of F and increase of CV. The general shape of the
scatter plot is similar in all basins in Southern Europe. This has clear implications for water
management since both factors will negatively impact water availability. This tendency is
stronger for basins with larger residence times that, as seen in Figure 4, are located in water
scarce regions, already facing strong hydrologic irregularities. The dispersion of results
is stronger for basins with larger residence times, presenting an additional challenge for
water management. The ensemble of projections, jointly considered, suggests that water
managers should be ready to cope with less abundant and more variable water resources
in the future. Given the large dispersion of results, water managers should also be ready to
deal with greater year-on-year variability or extreme events than in the past. Figure 5 also
shows that expected changes in CV are much larger than changes in F, with many basins
reaching extreme values close to 2 (a 100% increase). The basins showing more extreme
projections are Guadalquivir, Júcar and Guadiana.
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Figure 5. Relative changes in Standard Deviation (∆SD) and Coefficient of Variation (∆CV) of annual

flow versus changes in Mean Annual Flow (∆F) for the 16 basins under study. (a) ∆F vs. ∆SD, all pro-

jections; (b) ∆F vs. ∆SD, mean values; (c) ∆F vs. ∆CV, all projections; (d) ∆F vs. ∆CV, mean values.

3.2. Water Availability

The WAAPA model was used to compute Potential Water Availability (PWA) for the
historical period and for the long-term projection in the 16 basins under analysis. The
results are shown in Figure 6, which presents the value of PWA obtained in each basin as a
function of the relative rank of the corresponding projection. All 35 projections were used
to prepare this figure, thus mixing projections under SRES and RCP emission scenarios.
An individual plot of each basin is included in the Supplementary Materials, where the
joint distribution is compared to the distributions of both sets of emission scenarios. The
corresponding emission scenario is identified for each model run available in the long-term
projection. These plots show that there is no clear correlation between the emission scenario
and the projected PWA. Values corresponding to different emission scenarios are mixed
and the most extreme scenarios (A2 and RCP-8) do not always produce the minimum
values for PWA.

PWA is expressed as a fraction of Mean Annual Flow (F) in the historical period.
Results for the historical period are shown in the upper chart (a) and results for the
long-term projection are shown in the lower chart (b). If all model runs were assumed
equiprobable, this plot would correspond to the empirical estimation of the probability
distribution function of PWA expected in each basin. The results show that the relative
value of PWA to F tends to be larger for basins with larger storage capacity, both in the
historical and in the projection periods. This fact clearly illustrates the effectiveness of
reservoir storage to increase water availability. The plots also show large uncertainty
in the estimation of PWA. For the historical period, this result is remarkable because
historical time series were corrected for bias with respect to the GRDC estimation of F and
therefore all had the same Mean Annual Flow. The uncertainty in PWA reflects model
uncertainty because the differences in PWA can only be attributed to the differences in
the seasonal and interannual variability of the time series produced by each model run.
Unfortunately, the skill of the models to reproduce current hydrological irregularity cannot
be evaluated because there are no available regional data sets for Southern Europe on
interannual naturalized streamflow variability.
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PWAFigure 6. Estimated cumulative probability distribution function of Potential Water Availability (PWA) expressed as a

fraction of current Mean Annual Flow (F) in the 16 basins under study. (a) historical period; (b) long-term projection.

Except in the Arno basin, PWA is expected to decrease significantly in the long-term
projection with respect to the historical period, with average reductions between 15% and
35%. These reductions are the consequence of reduced F and increased CV. The most
significant reductions are projected for the basins of South Western Europe: Guadiana and
Guadalquivir (35% on average) and Duero (28% on average). The uncertainty of PWA in
the long-term projection is larger than that in the historical period due to the additional
variability introduced by emission scenarios. However, the large model uncertainty hinders
the interpretation of results obtained for different emission scenarios.

The estimated changes in PWA are compared to estimated changes in F in Figures 7
and 8. Figure 7 shows the scatter plot of changes in both variables for the set of emission
scenarios analyzed in all basins. A plot of each basin is available in the Supplementary
Materials, showing individual projections. Projections under SRES emission scenarios are
represented as plus signs and projections under RCP scenarios are represented as circles.
Figure 8 shows the comparison of the estimated probability distributions of F and PWA.
All 35 projections were used to prepare this figure, thus mixing projections under SRES and
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RCP emission scenarios. An individual plot of each basin is included in the Supplementary
Materials, where the joint distribution of PWA is compared to the distributions of both sets
of emission scenarios.

Δ PROJ − HISTHIST

ΔF

Δ Δ Δ Δ Δ

∆∆

Figure 7. Comparison of the estimated changes in Mean Annual Flow (∆F) and the estimated changes in Potential

Water Availability (∆PWA) for the 35 available projections in the 16 basins under study. (a) ∆F vs. ∆PWA, all projections;

(b) ∆F vs. ∆PWA, mean values.

 ∆F∆PWAFigure 8. Estimated cumulative probability distribution function of changes in Mean Annual Flow (∆F, in gray) and changes

in Potential Water Availability (∆PWA, in the color code for each basin) for the 16 basins under analysis.

In Figures 7 and 8, the changes of F are estimated from the first expression shown in
Equation (1). The changes of PWA are similarly estimated from the comparison of values
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obtained in the long-term projection and the control period for the same model, applying
the following expression:

∆PWA =
PWAPROJ − PWAHIST

PWAHIST
(2)

where PWA is Potential Water Availability and the sub-indices HIST and PROJ refer to the
historical period and to the long-term projection.

The mean values plotted in chart (b) of Figure 7 reveal that basins with small storage
capacity (Po, Loire, Tiber, Garonne and Rhône) show a larger reduction of PWA than the
reduction of F. The Arno basin is the exception, with no reduction of PWA despite a
small average reduction of F. The basins with larger storage capacity, in general, show
a smaller reduction of PWA than the reduction of F. Struma-Strymon, Vardar-Axios,
Ebro, Maritsa-Evros, Guadalquivir, Tajo-Tejo, Júcar, Guadiana and Segura belong to this
group. Duero-Douro is an exception, with larger reduction of PWA than of F. This may
be explained because Duero-Douro shows the largest difference between change in F and
change in SD. The wide scatter of changes in F and PWA in chart (a) of Figure 7 shows
that there is no exact relation between changes in Mean Annual Flow (∆F) and changes
in Potential Water Availability (∆PWA). For individual projections, changes in PWA may
be larger, equal or smaller than changes in F. This is, in part, a consequence of changes
in hydrologic variability, which may explain why negative changes in F produce positive
changes in PWA and vice versa. However, the comparison of Figures 5 and 7 shows that
changes in hydrologic variability alone cannot explain the diversity of behaviors seen in
Figure 7. Hydrologic variability is measured in terms of Coefficient of Variation of annual
flows and is therefore referred to interannual variability. Basins with small storage capacity
show a behavior more exposed to changes in CV because, for them, water availability is
almost directly determined by short-duration dry periods of the streamflow series. These
dry periods show a large variability among model runs, which explains the variability
observed in values of PWA. As basin storage grows larger, the reservoirs attenuate the
effect of short-duration dry periods and the interannual variability becomes less important.
Basins with storage capacity larger than mean annual flow show a much less sensitivity to
changes in the coefficient of variation of mean annual flows.

Figure 8 is useful to analyze the effect of the uncertainty on emission scenarios. The
estimated probability distributions shown in Figure 8 reveal a wide range of behaviors. The
basins were classified in five groups (A1, A2, A3, B1 and B2), according to the relative value
of the distributions of changes in F and PWA. Group A1 is integrated by basins where the
distribution of expected reductions in PWA is to the left of the distribution of expected
reductions in F, suggesting that the availability of reservoir storage tends to dampen the
effect of climate change. Struma-Strymon, Vardar-Axios, Guadalquivir and Tajo belong
to this group. In the second group, A2, the distributions of expected changes in F and
PWA are very similar. This group is formed by Ebro, Júcar and Segura. The only basin in
Group A3 (Douro-Duero) presents larger expected reductions in PWA than in F. In group
B, the probability distributions of F and PWA cross each other. In group B1, the distribution
of changes in PWA is to the left of the distribution of changes in F for low probability
values. For high probability values, the distribution of changes in PWA is to the right of
the distribution of changes in F. This results in larger uncertainty for changes in PWA than
in F. This effect may be due to increased exposure to changes in variability due to lack of
regulation storage. Arno, Po, Loire, Tiber, Garonne, Rhône and Maritsa-Evros belong to
group B1. The only basin in group B2 is Guadiana, where the distribution of changes in
PWA is to the right of the distribution of changes in F for low probability values and to the
left for high probability values. Guadiana shows less uncertainty in changes of PWA than
in changes in F, due to its large reservoir storage.

A remarkable effect shown in Figure 8 is that the uncertainty regarding changes in F
(gray line) seems to grow as specific storage grows. The larger spreads of the estimated
probability distributions appear in basins with larger specific storage, in the bottom row.
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Basins with comparatively smaller storage capacity, in the first row, show much less
uncertainty on changes in F. This shows that reservoir storage was developed where it
was required: in basins with large hydrologic variability. Furthermore, the difference in
uncertainty between changes in F and changes in PWA, which is large in basins with small
storage, is progressively reduced as specific storage increases.

3.3. The Influence of Storage

The results obtained in Section 2.2 suggest that reservoir storage plays a relevant role
in controlling how projected changes in Mean Annual Flow may be translated into changes
in Potential Water Availability. However, the large variability of local conditions in the
studied basins introduces uncertainties in the analysis. In this section we further explore
the influence of reservoir storage on changes in water availability through a sensitivity
analysis that discounts for local conditions. We repeated the water availability analysis
but considering different storage volumes in each basin. Potential Water Availability was
computed in current and future scenarios in the 16 basins, assuming changing reservoir
volumes of 25%, 50%, 75%, 100%, 125%, 150% and 175% of current storage. Storage was
proportionally reduced or increased in the same location of existing reservoirs. This choice
was made for convenience, without any implications for projected future evolution of
storage in the region. In fact, the most likely scenario in the future for European basins
is a progressive reduction of available storage due to reservoir sedimentation, with very
little additional storage being built. Figure 9 shows the scatter plots of changes in F versus
changes in PWA for four basins covering a wide range of values of reservoir storage: Loire
(V/F = 0.03), Ebro (V/F = 0.30), Guadalquivir (V/F = 0.73) and Guadiana (V/F = 3.35).
Individual plots for all basins are included in the Supplementary Materials. Projections
under SRES emission scenarios are represented as diamonds and projections under RCP
scenarios are represented as circles. Results shown in Figure 9 reveal that the dispersion of
the scatter plot gets reduced as the storage capacity is increased. This effect is more marked
for the Guadiana basin, which has the largest reservoir storage.

In order to assess the global behavior, the values obtained for changes in F and PWA
were classified according to the relative rank of the corresponding projection, obtaining an
empirical estimate of their probability distributions, under the assumption that all scenarios
analyzed are equally likely. The results are shown in Figure 10, which presents the estimate
of the probability distribution of changes in Mean Annual Flow (∆F, blue line) and changes
in Potential Water Availability (∆PWA) for different storage values in colored lines from
brown (25% of current storage volume) to green (175% of current reservoir storage). The
basins analyzed showed variable sensitivity to storage. Some basins, like Arno, Ebro,
Maritsa-Evros or Guadiana, showed very little sensitivity to storage capacity because the
distributions of expected changes of PWA are very similar. Other basins, like Po, Tiber,
Rhône or Struma-Strymon, presented significant differences in behavior depending on the
storage volume assumed. In some of these basins, the estimated probability distributions of
changes in PWA for high storage values (green color) were located to the right, indicating
less reductions of PWA. Po, Loire, Rhône, Duero-Douro, Ebro, Júcar, Guadiana and Segura
show this behavior. For other basins, however, the probability distributions for high
storage values were located to the left. Tiber, Struma-Strymon and Guadalquivir belong to
this group.

This range of behaviors illustrates the complex relations between hydrologic variabil-
ity and reservoir storage in determining water availability in climate change scenarios,
suggesting that a specific analysis for local conditions is required to translate projections
of changes in mean annual flow into projections of changes in water availability in basins
with significant storage capacity.
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 ∆F∆PWA

∆∆

Figure 9. Comparison of the estimated changes in Mean Annual Flow (∆F) and the estimated changes in Potential Water

Availability (∆PWA) for 25%, 50%, 75%, 100%, 125%, 150% and 175% (in rows, ordered from top to bottom) for four

representative basins of the study: Loire (left column), Struma-Strymon (center-left column), Guadalquivir (center-right

column) and Guadiana (right column).

38



Water 2021, 13, 85

 ∆F∆PWA
AA ∆ − ∆∆ ∆∆ ∆ ∆∆ A

Figure 10. Probability distribution of changes in Mean Annual Flow (∆F, in blue) and changes in Potential Water Availability

(∆PWA) for different storage values (color-coded, from 25% to 175% of current storage volume) in the 16 studied basins.

The influence of reservoir storage on the elasticity of water availability was analyzed
by computing an attenuation index IA, defined in the following expression:

IA = ∆PWA − ∆F (3)

where ∆PWA is the change in Potential Water Availability and ∆F is the change in Mean
Annual Flow. As seen in the previous sections, most changes in PWA and F are reductions
and therefore ∆PWA and ∆F are negative. A positive value of this index indicates an
attenuation of the effect of climate change: the absolute value of ∆PWA is smaller than the
absolute value ∆F.

We explore how the attenuation index IA changes with reservoir storage. The results
are shown in Figure 11, which presents the value of the attenuation index as a function of
reservoir storage in each basin for all available projections (thin grey lines), the average
values (solid lines in the color code corresponding to the basin) and average values plus
and minus one standard deviation (dotted lines in the color code corresponding to the
basin). The results show a large variability for individual projections, which translates into
large uncertainty for water managers. The variability of the attenuation index appears
to be progressively reduced as specific storage grows across basin locations (from top
row to bottom row). This suggests that reservoir storage plays a relevant role in reducing
uncertainty on the effects of climate change projections on water availability.
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Figure 11. Values of the attenuation index IA for different relative storage volumes in the 16 studied basins. Current relative

storage is marked with a vertical black line.

The effect of reservoir storage on the variability of the attenuation index IA is further
explored by analyzing the uncertainty index IU, defined as:

IU = σ(∆PWA)− σ(∆F) (4)

where σ(∆PWA) is the standard deviation of the changes in Potential Water Availability
for all projections and σ(∆F) is the standard deviation of the changes in Mean Annual Flow
for all projections. IU index compares the variability of the projections of changes in water
availability to that of the projections of mean flow. A negative value of this index indicates
a reduction of the uncertainty of climate change projections: the variability of ∆PWA is
smaller than the variability ∆F.

The summary of results found in the analysis of the IA and IU indices is shown in
Figure 12. Chart (a) of Figure 12 compares the average of the values of the IA index
obtained in the sensitivity analyses of reservoir storage for all basins. Chart (b) of Figure 12
represents the corresponding values of the IU index.

The plots shown in Figure 12 indicate that increased reservoir storage results in larger
values of the attenuation index IA in most basins and smaller values of the uncertainty index
IU in all basins. The results for the attenuation index are less conclusive than those for the
uncertainty index. Out of the 16 basins analyzed, IA is observed to decrease with increasing
reservoir storage in four basins: Tiber, Garonne, Struma-Strymon and Guadalquivir. In
the case of Garonne and Struma-Strymon, the decrease only covers the range from 25%
to 100% of current reservoir storage. For storage volumes between 100% and 175% of
current reservoir storage IA is increasing with increasing reservoir storage. The case of
Tiber basin may be explained because reservoirs only cover 12% of the contributing area
and therefore 88% of the flow is unregulated. Guadalquivir basin is exposed to the most
extreme reduction of Mean Annual Flow (43% on average) and this may have an influence
on the observed behavior. In the case of the uncertainty index, the reduction with increasing
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storage is observed for all basins. These results are valid for the range of storage volumes
explored in the sensitivity analysis in each basin individually and for all basins as a whole,
regardless of basin size and location in Southern Europe, and therefore show a clear picture
of the role played by reservoir storage in attenuating the impact of reduced streamflow
on water availability and on reducing the uncertainty of climate change projections. It is
unlikely that reservoir storage will be further increased in Southern Europe. Most basins
already have an adequate amount of storage and additional storage capacity would not
increase water availability in a scenario of decreasing resources. However, water managers
should be aware that proper management of currently available storage will be helpful to
address the challenges posed by climate change.

IA IU
IAU
AU A

A

Figure 12. Comparison of the values of average IA index and IU index obtained in the sensitivity analyses of reservoir

storage in the 16 basins under study. (a) Average value of the attenuation index (IA) for the 35 available projections as a

function of reservoir storage. (b) Value of the uncertainty index ( IU) as a function of reservoir storage.

4. Conclusions

Projected changes in hydrologic regime and water availability were analyzed in
16 basins in Southern Europe applying the WAAPA model to streamflow time series
obtained from 35 climate projections under 7 emission scenarios. The analysis of climate
projections concluded that a significant reduction of mean annual flow can be expected
in most basins. The reduction in the mean is supplemented by a strong increase in the
coefficient of variation, due to an increase of the variability of the projected series. This
analysis is uncertain due to the very large variability introduced by the different models
and emission scenarios examined. The overall result implies a corresponding reduction in
potential water availability, with variable results across basins depending on hydrologic
regime and reservoir storage. Basins with large storage values showed reductions of water
availability comparable to the reductions of mean annual flow. Basins with small storage
capacity showed a larger reduction of water availability than the reduction of mean annual
flow. Although model and emission scenario uncertainties are larger than the expected
reduction of water availability, a consistent picture emerges from the joint analysis of all
projections, requiring significant adaptation measures to compensate for the projected
reduction of water availability.

The influence of reservoir storage on basin response to climate change was studied
through a sensitivity analysis where current reservoir storage was modified to examine
its effects on water availability with values ranging from 25% to 175% of current storage
values. The results showed very large variability, which illustrates the complex interplay
between hydrologic regime, reservoir storage and water availability. Two indices were
introduced to clarify the overall behavior: the attenuation index and the uncertainty index.
The attenuation index compares the changes in water availability to the changes in mean
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annual flow. Positive values of this index indicate an attenuation of the impact of climate
change projection on water availability. The uncertainty index compares the variability
of changes in water availability and in mean annual flow. Positive values of this index
indicate a reduction of the uncertainty of climate change projections on water availability.
The results of the sensitivity analysis showed that increasing reservoir storage attenuates
the reduction of water availability and reduces the uncertainty of climate projection. The
results are valid for each individual basin within the range of storage volumes examined
and for the set of 16 Southern European basins analyzed in this work. The effect observed
for reservoir storage is a positive factor for system managers since decisions become harder
as uncertainty grows. This feature would allow water managers to develop suitable policies
to mitigate the impacts of climate change, thus enhancing the resilience of the system.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4

441/13/1/85/s1: High resolution images of Figures 1–12 and individual plots for each basin in

Figures 5–11.
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Abstract: The accessibility, quantity, and quality of water resources are the basic requirements

for guaranteeing water resource security. Research into regional water resource accessibility will

contribute to improving regional water resource security and effective water resource management.

In this study, we used a water resource accessibility index model considering five spatial factors

to evaluate the grid-scale water resource accessibility and constructed the spatial pattern of water

resource accessibility in Southwest China. Then, we analyzed the coupling coordination degree

between county-level water resource accessibility and eco-socio-economic water demand elements.

The water resource accessibility showed obvious regional differences, and the overall trend gradually

decreased from Southeast to Northwest. The coupling coordination degree between county-level

water resource accessibility and eco-socio-economic water demand elements was between 0.26 and

0.84, and was relatively low overall, whereas the counties (districts) with high coordination, moderate

coordination, low coordination, reluctant coordination, and incoordination accounted for 0.92%,

5.31%, 21.06%, 59.71%, and 13.00% of total counties (districts), respectively. Therefore, the Southwest

region needs to further strengthen the construction of its agricultural irrigation facilities, protect the

water resources, and coordinate the relationship between water resource management and water

demand elements to comprehensively guarantee regional sustainable development.

Keywords: water resource accessibility; spatial pattern; coupling coordination degree; water resource

management; Southwest China

1. Introduction

Water resources are essential for maintaining the sustainable development of eco-socio-economic

systems [1,2]. However, due to climate change, economic growth, population increase, and improper

water resource management, many environmental problems, such as serious water pollution,

the deterioration of the water environment, and an increased contradiction between water supply and

demand, have become increasingly severe, creating strategic problems worldwide [3–7]. The United

Nations (UN) estimates that more than one-third of the population on the planet will face a freshwater

crisis by 2030 [8], and residents in regions with relatively abundant water resources will still have

to spend time and energy to obtain water resources, which not only increases their living costs but

also impacts health [9,10]. Therefore, whether people living in different regions can easily and fairly

obtain sufficient water resources to meet their water demand has become a hot topic for academics

and policymakers.

Accessibility is a broadly accepted concept in various scientific fields such as urban planning,

transportation planning, and geography [11], and was initially used to measure potential interaction
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opportunities in transportation networks [12]. As research progressed, accessibility was defined as

the difficulty in reaching a destination from a given location [13]. There are two main manifestations

of accessibility: The number of opportunities or benefits that can be obtained within a given time or

distance, and the amount of spatial resistance that needs to be overcome to reach a destination [14,15].

Therefore, the measurement of accessibility depends primarily on the spatial distribution of potential

destinations and the spatial resistance that needs to be overcome to reach each destination [16,17].

The former is mainly measured by quantity or quality, reflecting the attractiveness of the destination,

and the latter is mainly measured by indicators such as time, distance, or cumulative cost, reflecting

the convenience of reaching the destination [17,18].

The quantity, quality, and accessibility of water resources are the basic requirements for ensuring

water resource security [19,20]. However, the existing water resource evaluations mostly focus on

the assessment of water quality and water quantity [21–25], but less attention has been paid to water

resource accessibility [10,26–29]. Water resource accessibility refers to the difficulty of obtaining water

resources from water sources [30], which is the fundamental factor determining the quantity, quality,

and the efficiency of the water supply. Water resource accessibility is essential for human well-being,

economic development, and ecological maintenance [31] and includes both spatial accessibility and

time accessibility [10,28], often measured by indicators such as water intake distance (Euclidean

distance, cost distance, path distance, etc.) and water collection time (shortest distance time, shortest

path time, self-report time, etc.) [32–34]. However, these indicators ignore the impact of water quantity

and various spatial resistance factors. Therefore, some development space remains within the existing

quantitative research for the examination of water resource accessibility, and the quantitative methods

need to be further improved.

Southwest China is the source and upstream of many rivers, and is also an important ecological

barrier zone. It plays a key role in maintaining the ecological and socio-economic security of East China,

South China, and even Southeast Asia [35]. The region has abundant rainfall and a large amount of water

resources. However, due to the uneven water distribution in time and space, coupled with the limited

infrastructure and the influence of complex topography, the use of water resources is difficult and costly,

resulting in serious seasonal, regional, and engineering water shortages [36]. With the rapid population

and economy growth, the demand for water resources in Southwest China continues to increase, and the

misalignment between supply and demand is becoming increasingly acute. Therefore, we used a water

resource accessibility index model considering five factors—runoff, slope, relative height difference,

water intake distance and land use resistance—to evaluate the grid-scale water resource accessibility in

Southwest China, using the ArcGIS platform (Environmental Systems Research Institute, Redlands,

California, America) to construct the spatial pattern of water resource accessibility. Then, we analyzed

the coupling coordination degree between water resource accessibility and eco-socio-economic water

demand elements. The aims are to improve the water resource accessibility evaluation method,

identify the areas with relatively low water resource accessibility and the key regions that the coupling

coordination degree between water resource accessibility and eco-socio-economic water demand

elements is relatively low, which is important for improving the determination of regional water

resource security levels, strengthening regional water resource management allocation, and effectively

implementing water conservancy facilities planning and urban development planning.

2. Materials and Methods

2.1. Study Area

The study area is located in Southwest China, including Chongqing Municipality, Sichuan

Province, Guizhou Province, Yunnan Province, and the Guangxi Zhuang Autonomous Region,

between 97◦21′–112◦3′ E and 20◦53′–34◦18′ N and covers a total area of 1.362 million km2 (Figure 1).

Southwest China is one of the three karst-concentrated contiguous areas in the world; the terrain in the

area is complex and diverse, and the landforms are mainly plateaus and mountains in which basins
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and hills are widely distributed. The altitude difference is large, and the average elevation is as high

as 1700 m. At the end of 2015, the region had a total resident population of 242.89 million, with an

urbanization rate of 47.5%, the gross domestic product (GDP) was 8669.52 billion yuan, and a farmland

irrigation area was 7.86 million ha [37–41].

Figure 1. Location of study area in Southwest China (Note: The digital elevation model is abbreviated

as DEM).

Southwest China is located in a tropical and subtropical humid region and is dominated by

tropical and subtropical monsoon climates, with sufficient heat and abundant rainfall; however, rainfall

is unevenly distributed in space and time. The region has developed water systems, including the

Yangtze River, Yellow River, Irrawaddy River, Nujiang River, Lancang River, Yuanjiang River and

Pearl River, which are the most important water resource enrichment areas in China [32]. In 2015,

the average precipitation in the whole study area was 1211 mm, the total water resources amounted

to 813.59 billion m3, and the per capita water resource was 3350 m3. The annual water supply was

89.13 billion m3; and the agricultural, industrial, domestic, and ecological water consumptions were

54.31 billion m3, 19.19 billion m3, 14.48 billion m3, and 1.15 billion m3, respectively; but the water

resource development use rate was only 11.0% [42–46], which is related to the difficulty in using water

resources in the region [36].

2.2. Data Sources

Four main types of data sources were used in this study. Administrative boundary vector

data, water system vector data, and digital elevation model (30 × 30 m) were downloaded from

Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences [47]. The land use

type (30 × 30 m) and the normalized vegetation index (1000 × 1000 m) were derived from Resource

and Environment Data Cloud Platform, Chinese Academy of Sciences [48]. The meteorological and

hydrological data were sourced from National Meteorological Information Center [49], in which the
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runoff coefficient was derived from the water resource bulletin of each province (municipality and

autonomous region) [42–46]. Socioeconomic data (GDP, population, food production) were derived

from the statistical yearbooks of provinces (municipality and autonomous region) [37–41]. The spatial

data coordinate system had a unified projection of WGS_1984_Albers, and the resolution after data

resampling was 90 × 90 m.

2.3. Methods

2.3.1. Basic Theory and Hypothesis

Water resource accessibility is closely related to a series of natural and human factors. These natural

factors mainly include the water source, distance, relative height difference, slope, and land use type,

whereas human factors mainly include funds (income, water fee), infrastructure (water supply pipelines,

waterworks), and technology (irrigation technology, water treatment technology). In this study, rivers,

lakes, and reservoirs were selected as the main water sources. We assumed that water users collect

water from the nearest water source, and the water resource accessibility is mainly affected by natural

factors such as runoff, water intake distance, relative height difference, slope, and land use type, and

ignoring human factors. Considering the amount of water is still a problem in Southwest China, and

incorporating water quality elements would increase the calculation and interpretation complexity, the

water quality was not measured.

Different spatial resistance factors have significant impacts on the amount of accessible water and

the difficulty in obtaining water. The runoff is positively correlated with the water resource accessibility:

The greater the runoff, the greater the available water, and the higher the water resource accessibility.

The other factors (slope, water intake distance, relative height difference, and land use resistance) are

negatively correlated with the water resource accessibility: The larger the factors, the greater the water

intake difficulty, and the lower the water resource accessibility. The calculation methods of each spatial

element index in this study are as follows: (1) Runoff. We first selected the rainfall data of the main

meteorological stations in the study area to interpolate the rainfall. Then, we calculated the runoff by

combining the spatial distribution of the average runoff coefficient of each administrative unit and the

rainfall. (2) Water intake distance. We used the Euclidean tool in ArcGIS software (Environmental

Systems Research Institute, Redlands, California, America) to calculate the distance from each grid

unit to the water source. (3) Slope. We used the Slope tool in ArcGIS software (Environmental Systems

Research Institute, Redlands, California, America) to calculate the slope of each grid unit. (4) Relative

height difference. We first used the Mask tool in the ArcGIS software (Environmental Systems Research

Institute, Redlands, California, America) to extract the elevation of the water system in the study area.

Then, we used the Euclidean Allocation tool to assign the water system elevation to the nearest grid

cell. Finally, the Raster Calculator tool was used to calculate the relative height difference between

the elevation value of each grid cell and the water system elevation. The spatial factor resistance was

referenced from the literature [50] (Table 1).

Different eco-socio-economic factors have different spatial impacts on water demand. Four factors

at the county level—normalized difference vegetation index (NDVI), per capita GDP, population

density, and grain yield per unit area—were selected to reflect the spatial characteristics of water

demand, which were used to characterize ecological water demand, industrial water demand, domestic

water demand, and agricultural water demand, respectively. Among them, the NDVI was obtained by

mask extraction and zonal statistics of national data, per capita GDP, population density, and grain yield

per unit area were calculated based on statistical data. All data for each indicator in this study were

converted to dimensionless using the maximum difference normalization method before calculation.
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Table 1. Resistance classification and assignment of different spatial elements.

Spatial Element Grade Resistance Value

Relative height difference (m)

−5050 to 0 1
0–287 3

287–746 5
746–1420 7

1420–7122 9

Slope (◦)

−90 to 0 1 1
0–5 3

5–15 5
15–25 7
25–90 9

Land use type

Rivers, lakes, reservoirs 1
Transportation land, grassland, green land, farmland 3

Woodlands, garden 5
Residential land, industrial and mining land 7

Swamp, glaciers, bare land 9

1 When the relative height difference is negative, the slope value is also negative, and the spatial resistance is smaller.

2.3.2. Water Resource Accessibility Index Model

We selected the runoff in each grid unit to represent the attractiveness of a water source to water

users, and selected the cost distance constrained by the three resistance factors of slope, relative height

difference, and land use to reflect the spatial resistance. Among them, runoff is positively correlated

with water resource accessibility: The greater the runoff, the higher the accessibility. The cost distance

is negatively correlated with the water resource accessibility: The larger the cost distance, the greater

the accessibility. The cost distance can be determined using the cost distance model in ArcGIS software

(Environmental Systems Research Institute, Redlands, California, America), which requires the input

of two raster layers: The target layer and the resistance layer. In this study, the target layer was the

water source (water system), whereas the resistance layer was the resistance matrix of three spatial

factors: Slope, relative height difference, and land use type. According to the research [18,51], the water

resource accessibility index model is as follows:

Ai = W j × f min
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where Ai refers to the water resource accessibility index, W j refers to the water source attraction

capacity (runoff), f is a positive correlation function that reflects the relationship between the minimum

cumulative resistance and the spatial resistance from the water users to the water source, and Di j and

Ri refer to the distance and space resistance from the water users to the water source, respectively.

2.3.3. Coupling Coordination Degree Model

Coupling refers to the phenomenon by which two or more systems interact with each other to

achieve synergy, and the coupling coordination degree refers to the degree of coordinated development

between two or more systems [52]. Water resource accessibility and eco-socio-economic water demand

elements are two closely related systems that restrict and promote each other. Thus, we used a coupling

coordination degree model to express the degree of coordinated development between the two systems.

The equations are as follows [53–55]:

C = 2

√

f (a) × g(b)/[ f (a) + g(b)] (2)

T = α f (a) + βg(b) (3)

D =
√

C× T (4)
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where C refers to the coupling degree, with a value in the interval [0, 1]; f (a) refers to the water

resource accessibility; g(b) refers to eco-socio-economic water demand elements; D refers to the

coupling coordination degree, with a value in the interval [0, 1] where the greater the D value,

the higher the coupling coordination degree of the two systems, and vice versa; T refers to the

comprehensive coordination index; α and β refer to the contribution of water resource accessibility

and eco-socio-economic water demand elements to the coupling coordination degree, respectively.

According to related research [53–55], we selected α = β = 0.5 and divided the coupling coordination

degree into 10 stages (Table 2).

Table 2. Classification standard and the types of coupling coordination degree (D).

Category D Value Subclass

Coordination category

0.9–1 Extreme coordination
0.8–0.9 High coordination
0.7–0.8 Moderate coordination
0.6–0.7 Low coordination

Transition category
0.5–0.6 Reluctant coordination
0.4–0.5 Near incoordination

Incoordination category

0.3–0.4 Slight incoordination
0.2–0.3 Moderate incoordination
0.1–0.2 High incoordination
0–0.1 Extreme incoordination

3. Results

3.1. Spatial Pattern of Water Resource Accessibility

The spatial distribution characteristics of five factors—relative height difference, slope, land

use resistance, water intake distance, and runoff—were analyzed. The relative height difference

varies obviously. Extremely high mountains, such as Minshan, Nushan, and Hengduan Mountains,

are concentrated in West Sichuan (in some areas, due to the existence of plateau lakes, the relative

height difference is a large negative value) and West Yunnan, and the relative height difference is large,

whereas the relative height differences in the Sichuan Basin, Guangxi, and Guizhou are relatively

small (Figure 2a). The steep slope areas in the study area are relatively large, mainly distributed

in West Sichuan and Northwest Yunnan, whereas the Sichuan Basin, Southwest Guangxi, and East

Yunnan have relatively flat terrain with relatively low spatial resistance (Figure 2b). The concentrated

distribution of glaciers and marshes in West Sichuan leads to a relatively high resistance value of land

use in the region. In the Sichuan Basin and Northwest Sichuan, grassland, green land, and farmland

are widely distributed, so the spatial resistance is relatively low (Figure 2c). The water intake distance

is closely related to the spatial distribution of the water system. The water systems in Southwest

Yunnan, North-Central Sichuan, and Guizhou are sparse, and the water intake distance is relatively

large (Figure 2d). Due to the differences in the precipitation, temperature, and underlying surface of

the watershed, and the influence of human activities, the regional differences in runoff are significant.

The runoff is relatively high in East Guangxi and relatively low in the Sichuan Basin, West Sichuan,

and Central and North Yunnan, whereas the overall trend is decreasing from the Southeast to the

Northwest (Figure 2e).
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Figure 2. Spatial distribution of different factors affecting water resource accessibility: (a) Relative

height difference, (b) slope, (c) land use, (d) water intake distance, and (e) runoff.

The grid-scale water resource accessibility has obvious regional differences, and the overall trend

gradually decreases from Southeast to Northwest (Figure 3). The high-value area is mainly concentrated

in Northeast Guangxi, whereas the low-value areas are mainly concentrated in West Sichuan and

North-Central Yunnan, which is closely related to the spatial distributions of the water system, slope,

elevation, runoff, and land use in Southwest China. In the Southeast, especially the Guangxi Zhuang

Autonomous Region, the geomorphological type is a mountainous and hilly basin, and the terrain is

relatively flat, whereas spatial resistance, such as the slope and relative height difference, is relatively

low. The water system in the region is well-developed and the runoff is relatively high, with fewer

constraints on access to water resources, so the water resource accessibility is relatively high. However,

in the Northwest, especially in West Sichuan and Northwest Yunnan, the wide distribution of extremely

high mountains, glaciers, and swamps results in a significant elevation difference, a large slope and

land use resistance in the region, coupled with the relatively sparse water system and fewer water
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resources, which considerably increase the difficulty in obtaining water resources, resulting in relatively

low water resource accessibility.

Figure 3. The spatial pattern of the water resource accessibility in Southwest China at the grid-scale.

Taking the county-level administrative district as the statistical unit, the water resource accessibility

at the grid cell was calculated, and the spatial pattern of water resource accessibility at the county level

was determined (Figure 4). The water resource accessibility varies considerably between different

counties (districts) in Southwest China. The counties (districts) with relatively high water resource

accessibility are mainly concentrated in Northeast Guangxi, whereas the water resource accessibility

in some counties (districts) in the Sichuan Basin, West Sichuan, and Central and North Yunnan is

relatively low, and the overall trend is a gradual decrease from Southeast to Northwest. The maximum

water resource accessibility value was 0.996 in the Qixing District of Guangxi Zhuang Autonomous

Region, and the lowest value was 0.113 in Derong County, Sichuan Province.
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Figure 4. The spatial pattern of water resource accessibility in Southwest China at the county scale.

3.2. Spatial Distribution Characteristics of Different Water Demand Elements

In the study area, the superior hydrological and climatic conditions provide a suitable environment

for the growth of vegetation, which increases the vegetation index overall. Only a few counties (districts)

in West Sichuan and the urban center areas of each province (municipality and autonomous region) have

relatively low NDVI scores (Figure 5a). As a typical ethnic minority settlement in China, Southwest

China has a developing economy, and there is a significant difference in per capita GDP between

different counties (districts) (Figure 5b). Among them, the per capita GDP in Central Sichuan, West

Chongqing, and the urban center area of each province (municipality and autonomous region) is

relatively high, and the per capita GDP in West and Northeast Sichuan, East Guizhou, Northwest

Guangxi, and most parts of Yunnan is relatively low. The counties (districts) with high population

density in the study area are mainly concentrated in the Sichuan Basin and the urban centers of each

province (municipality and autonomous region) (Figure 5c). These regions have rapid economic

development and a high level of urbanization, providing superior conditions for human survival

and development. The low-value areas are mainly distributed in the ethnic minority areas of West

Sichuan, West Yunnan, Southeast Guizhou, and Northwest Guangxi. East Sichuan, West Chongqing,

Northeast Yunnan, and East Guangxi have flat terrain, superior climate and hydrological conditions,

and the grain yield per unit area is relatively high (Figure 5d). In West Sichuan, Northwest Yunnan,

and Guizhou, widespread mountainous areas, water shortages, and extensive desertification seriously

affect food production.
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Figure 5. The spatial distribution of different eco-socio-economic water demand elements at the county

level: (a) Normalized difference vegetation index (NDVI), (b) per capita GDP, (c) population density,

(d) grain yield per unit area.

To more accurately reflect the water demand characteristics of each county (district) in Southwest

China, the different water demand elements of each county-level administrative unit were weighted

and summed according to the proportion of the water resource use structure for each province

(municipality and autonomous region) in 2015; then, the spatial distribution of the comprehensive

water demand elements in Southwest China was determined (Figure 6). The counties (districts) with

high water resource demand are mainly concentrated in the Sichuan Basin, East Guangxi, and Central

Yunnan, where the agricultural production level is relatively high, economic development is relatively

fast, and the population is relatively concentrated. West Sichuan, Northwest Yunnan, and Guizhou,

where agricultural production and the population density are low and economic development is

relatively slow, have a lower water demand.
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Figure 6. The spatial distribution of comprehensive water demand elements at the county level.

3.3. Coupling Coordination Degree of Water Resource Accessibility and Water Demand Elements

The coupling coordination degree of water resource accessibility and eco-socio-economic water

demand elements in Southwest China was between 0.26 and 0.84, showing significant regional

differences (Figure 7). The coupling coordination degree in Northeast Guangxi is relatively high

overall, whereas the coupling coordination degree in West and North Sichuan and Northwest Yunnan,

is relatively low. The overall trend is a decrease from Southeast to Northwest. The highest is Diecai

District, Guangxi Zhuang Autonomous Region, and the lowest is Hongyuan County, Sichuan Province.

According to the statistical results, the coupling coordination degree of water resource accessibility and

eco-socio-economic water demand elements in the study area are mainly distributed in the coordination

and transition stages, among which 5 counties (districts) show high coordination, accounting for 0.92%;

29 counties (districts) show moderate coordination, accounting for 5.31%; 115 counties (districts) show

low coordination, accounting for 21.06%; 326 counties (districts) show reluctant coordination, accounting

for 59.71%; and 68 counties (districts) show near incoordination, accounting for 12.45%; 2 counties show

reluctant coordination, accounting for 0.37%; and 1 counties show near incoordination, accounting for

0.18%. The coupling coordination degree of water resource accessibility and eco-socio-economic water

demand elements in Southwest China is relatively low overall.
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Figure 7. Spatial distribution of coupling coordination degree between water resource accessibility and

water demand elements.

The regional difference in the coupling coordination degree between water resource accessibility

and eco-socio-economic water demand elements in Southwest China are mainly due to the spatial

differences in hydrological conditions, topography, and economic development level. East Guangxi

has a relatively flat terrain, superior natural conditions, relatively low spatial resistance, and abundant

precipitation, so the water resource accessibility is relatively high, which guarantees good growth

and the efficient production of rice and other crops. East Guangxi is also the economic development

center of Guangxi Zhuang Autonomous Region, and the population is highly concentrated, resulting

in high water resource demand. Therefore, the water resource accessibility and the eco-socio-economic

water demand elements show a relatively high coordinated development. The Sichuan Basin is one of

the most important grain production bases in China. It has a relatively dense population and rapid

economic development. However, due to the small amount of water resources and relatively low

water resource accessibility, which lead to limited eco-socio-economic sustainable development to

a certain extent, the coupling coordination degree between the two is relatively low. In Northwest

Yunnan and West and North Sichuan, the wide distribution of extremely high mountains has caused

large altitude differences and steep slopes, coupled with a relatively sparse water system and a low

amount of water resources, so water resource accessibility in the region is extremely low, which means

that it is difficult to meet the water resource demand of the eco-socio-economic elements. Therefore,

the coupling coordination degree between the water resource accessibility and eco-socio-economic

water demand elements shows near incoordination.
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4. Discussion

4.1. Evaluation Method of Water Resource Accessibility

Water resource accessibility refers to the difficulty in obtaining water resources from water sources

and is affected by multiple factors such as water quality, water quantity, distance, elevation, slope, land

use, capital, infrastructure, and technology. Among them, the quantity and quality of water resources

are decisive factors for the availability of water resources, whereas the distance, altitude, slope, land

use, and others are factors affecting the convenience of obtaining water resources. The existing

quantitative analyses of water resource accessibility often involved a single indicator or a few factors.

For example, Jeff et al. [9] only considered the linear distance to the water source. Smiley [56] selected

the four elements of water quality, water cost, water reliability, and water intake burden, and measured

water resource accessibility through questionnaires and statistical analysis. Yu et al. [28] selected

four factors including the slope, relative height difference, distance, and runoff to comprehensively

analyze the accessibility of river water resources in the Hanjiang River Basin. Li et al. [29] constructed

a grid-scale water accessibility evaluation model based on the length, runoff and viewshed value.

Li et al. [57] constructed a water accessibility index by selecting indicators such as distance, altitude,

ditch density, road density, and culvert number to study the water resource accessibility of freshwater

wetland. In this study, we evaluated water resource accessibility by considering the five factors of

runoff, slope, relative height difference, water intake distance, and land use resistance, and analyzed

the spatial pattern of the water resource accessibility in different grid units. Among them, water

quantity represents the attractiveness of the water source to the water users, and the other factors

reflect the spatial resistance.

However, the water resource accessibility evaluation in this study still has some room for

improvement. First, our evaluation only considered the impact of water quantity and ignored the

water quality. Thus, in future research, the quality of water resources should be measured in terms

of water quality requirements for different water demand elements. Second, we assumed that water

users obtain water from the closest water source, but in practice, multiple water sources provide water

for users. Therefore, it is necessary to weight the multiple water sources within a certain range in

future research. Third, we ignored the impact of socio-economic factors, such as water supply facilities,

water treatment technology, irrigation technology, and water fees, on water resource accessibility,

which affects the accuracy of the evaluation results to a certain extent; thus, future research needs to

comprehensively measure multiple factors.

4.2. Water Resource Accessibility and Regional Eco-Socio-Economic Development

Water resources are an important basis for supporting the development of eco-socio-economic

systems, whereas social and economic development provides the necessary funds and conditions

for ensuring the sustainable development and use of water resources [58], which affect and restrict

each other. The limited water resource accessibility of spatial units not only threatens the supply of

drinking water and irrigation water, but also threatens the sustainable and healthy development of

the ecosystem [20,59,60]. Therefore, spatially accessible water resources are essential for an adequate

freshwater supply [28].

In Southwest China, the topography and geomorphology are particularly complex,

the spatial-temporal distribution of water resources is uneven, and the water supply facilities lack

expansion and improvement potential, resulting in serious seasonal, regional, and engineering water

shortages. The use of water resources is difficult and costly, which seriously restricts regionally

sustainable eco-socio-economic development. Therefore, water resource management in Southwest

China must fully consider the characteristics and formation of water resources in the region and should

adopt different water resource development and use models. The analysis of the coupling coordination

degree between water resource accessibility and eco-socio-economic water demand elements can

be used to effectively identify the areas where the coupling coordination degree between the two is
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relatively low. This can provide a decision-making basis for strengthening regional water resource

management and allocation, for effectively implementing water conservancy facilities planning,

and for urban development planning, thus ensuring the coordinated and sustainable development of

various systems.

In West Sichuan and Northwest Yunnan, there are many extremely high mountains, resulting

in significant altitude differences and steep slopes, and the water sources are far away from water

users, so the water resource accessibility is low and agricultural irrigation is difficult. Therefore,

these areas require more investment to improve irrigation conditions and increase irrigation efficiency

to meet crop water requirements. In the Sichuan Basin, Central Yunnan, Northwest Guizhou, and

Southeast Guangxi, the population density is relatively high; it is necessary to continuously strengthen

water resource protection and infrastructure construction in densely populated areas to ensure a

safe and adequate supply of drinking water. The economic development level of most counties

(districts) in Southwest China is low, somewhat lagging behind the water resource accessibility level,

whereas the water resource accessibility in West Sichuan and Northwest Yunnan is relatively low,

which restricts economic development to some extent. Therefore, according to the spatial pattern of

water resource accessibility, rationally adjusting the industrial structure and developing a circular

economy is necessary, which contribute to promoting rational and rapid economic development

and ensuring the coordinated development of water resource accessibility and social and economic

elements. In Northwest Yunnan and West and Northeast Sichuan, relatively poor natural conditions

and scarce water resources result in relatively low water resource accessibility, which considerably

limits vegetation growth. Therefore, these regions should be the focus for ecological conservation

and restoration.

5. Conclusions

This paper applied a water resource accessibility index model, considering five spatial factors of

runoff, slope, relative height difference, water intake distance and land use resistance, which enabled

the quantitative analysis of the spatial distribution characteristics of water resource accessibility on a

grid-scale in Southwest China. The results show that due to the large spatial distribution differences of

different spatial elements, the spatial differences in water resource accessibility in Southwest China are

relatively significant, and the overall trend is a decrease from Southeast to Northwest.

Due to the differences in hydrological conditions, topography, and economic development level,

the coupling coordination degree between water resource accessibility and eco-socio-economic water

demand elements in Southwest China has obvious regional differences, and the overall distribution

characteristics are higher in the Southeast and lower in the Northwest. The proportion of counties

(districts) with moderate coordination or higher was only 6.23%, mainly concentrated in the Northeast

part of Guangxi. The counties (districts) with near incoordination, low incoordination, and moderate

incoordination accounted for 13.00%, mainly concentrated in West Sichuan and Northwest Yunnan.

The coupling coordination degree between the two is relatively low overall.

The water resource accessibility and the eco-socio-economic system in Southwest China have not

achieved coordinated or sustainable development. The insufficient water resource support capacity in

the region has restricted the development of the region to a certain extent, and the rapidly increasing

population and economic development have increased water supply stress to a certain extent. Therefore,

it is necessary to continuously coordinate the relationship between water resource management and

regional development.
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Abstract: In view of the large spatial difference in water resources, the water shortage and deteriora-

tion of water quality in the Chang-Ji Economic Circle located in northeast China, the water resource

carrying capacity (WRCC) from the perspective of time and space is evaluated. We combine the gray

correlation analysis and multiple linear regression models to quantitatively predict water supply and

demand in different planning years, which provide the basis for quantitative analysis of the WRCC.

The selection of research indicators also considers the interaction of social economy, water resources,

and water environment. Combined with the fuzzy comprehensive evaluation method, the gray corre-

lation analysis and multiple linear regression models to quantitatively and qualitatively evaluate the

WRCC under different social development plans. The developmental trends were obtained from 2017

to 2030 using four plans designed for distinct purposes. It can be seen that the utilization of water

resource is unreasonable now and maintains a poor level under a business-as-usual Plan I. Plan II

and Plan III show that resource-based water shortage is the most critical issue in this region, and poor

water quality cannot be ignored either. Compared with Plan I, the average index of WRCC in Plan

IV increased by 51.8% and over 84% of the regions maintain a good level. Strengthening sewage

treatment and properly using transit water resources are more conducive to the rapid development

of Chang-Ji Economic Circle.

Keywords: fuzzy comprehensive evaluation method; water resource carrying capacity; gray correla-

tion analysis; multiple linear regression models; water environment capacity

1. Introduction

With the development of the urbanization process, the demand for water resources
has increased significantly, but the pollution of water resources has caused serious prob-
lems. These changes pose a potential threat to water resource carrying capacity in many
regions [1]. The water resources carrying capacity (WRCC) refers to the ability of water
resources to withstand the largest population, socioeconomic, and ecological environment
requirements under the premise of maintaining sustainable development. Studies of the
WRCC can provide helpful information about how the socioeconomic system is both sup-
ported and restrained by the water resources system, such as intuitively measuring regional
development potential [2], etc. Since the 21st century, people began to pay attention to
the research of WRCC. Through continuous improvement of related influencing factors,
a relatively mature evaluation system has initially formed [3–5]. Nowadays, the research
on the WRCC has changed from a simple natural factor to a water-ecological-economic
factor [6].
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The research on the WRCC’s theory in the international context is focused more on
the relationship between carrying capacity and sustainable economic and social develop-
ment [7]. However, the research on the limitation of water resources security to the WRCC
is relatively late. According to the latest analysis of the obstacle degree for the WRCC sys-
tem in Northeast China, the agricultural water pollution index emerged as the main factor
that is restricting the steady rise of the WRCC since 2004. Following 2014, with the upsurge
of industrialization, the percentage of industrial wastewater discharge has increased signif-
icantly [8]. There are many old industrial bases in the Chang-Ji Economic Circle, and the
percentage of industrial wastewater discharge and the risk of water pollution has increased
year by year. Furthermore, the data published in the Water Resources Bulletin in the
study area over the years show that the surface water quality is bad. So, the water quality
should be included in the analysis of WRCC in the Chang-Ji economic circle. In China,
there are few studies on the water resources carrying capacity of the Chang-Ji economic
circle [9]. Moreover, most of the studies in the Chang-Ji Economic Circle are carried out in
administrative regions, and few studies take into account the constraints of water pollution
on the WRCC, which cannot directly and accurately measure the development potential of
the entire Chang-Ji Economic Circle [10,11]. Therefore, this study takes into account the
quantity and quality of water resources and combines the comprehensive carrying capac-
ity of social economic development and ecological environment and selects appropriate
methods to evaluate the WRCC of the Chang-Ji Economic Circle.

At present, there are plenty of methods to evaluate the WRCC, such as the traditional
trend analysis method [12], the principal component analysis method [13], the fuzzy
comprehensive evaluation method (FCE) [14], the multiobjective analysis method [15],
the artificial neural network method [16], and the system dynamics (SD) method [17,18].
Zhang et al. [13] applied the principal component analysis method to evaluate the temporal
scale variation tendency of the WRCC. However, there was still some uncertainty when
integrating the method WRCC index standardization, the method of principal component
determination, and the weights of contribution rates. Multiobjective analysis is influenced
by its limitations and is more suitable for smaller areas of research. The SD model can
effectively simulate and predict through negative feedback adjustment [19]. However,
this method requires a large number of parameter settings and data simulations [20],
which cannot achieve rapid evaluation. In fact, various WRCC prediction methods are
based on the further evaluation of their influencing factors. The FCE method which is
widely used by scholars can analyze the WRCC from all aspects [21,22], making the research
results more reliable. For example, Zhang et al. [23] used fuzzy set pair analysis theory to
evaluate the WRCC in Dagong Yellow River Diversion Irrigation District from 2013 to 2017.
The study qualitatively measured the water resources carrying capacity of the ecological
irrigation area, and the evaluation results can provide a scientific basis for optimal allocation
of water resources in the Dagong Yellow River diversion irrigation district. At the same
time, through the comparative analysis of some indicators, the FCE method can solve
the defects of the parameters that are difficult to grasp and easily lead to unreasonable
conclusions. Moreover, while assessing the regional WRCC, it is necessary to predict
future development trends based on the status quo. Accurate trend analysis has become
an important part of reasonable evaluation. However, most scholars use the simple linear
equations to predict related influencing factors. To make up for the shortcomings of large
errors in traditional trend analysis, this study quantitatively predicts relevant influencing
factors by the method of gray correlation analysis (GCA) combined with multiple linear
regression (MLR) models. Then, on the basis of quantitatively predicting the development
trend of social economy, water resources, and water environment evaluation indicators,
the FCE method is used to make a reliable assessment of the WRCC.
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2. Study Area and Data Sources

2.1. Study Area

The Chang-Ji Economic Circle includes the whole of Changchun City, Jilin City, Jiu-
tai District, Shuangyang District, and Yongji County, as well as parts of Nongan County,
Gongzhuling City, and Yitong County (Figure 1). The study area is located in the center of
Jilin Province, accounting for 7.96% of the total province’s area. The total population of
the region is about 648 million and the urbanization rate is 59.64%. There are many water
systems in the area, and river networks are dense, all belonging to the second Songhua
River system. The large reservoirs include Fengman Reservoir, Shitoukoumen Reservoir,
and Xinlicheng Reservoir. The total water storage capacity is as high as 134.1 × 108 m3.

Figure 1. The location of the study area and the distribution of the river system and the water bodies.

2.2. Data Sources

The study area involves Jilin City and Changchun City, and the data used include
socioeconomic data, water supply and demand data, and water environment data. The data
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sources are Jilin statistical yearbook (2010–2017), Changchun statistical yearbook (2010–2017),
Jilin water resource bulletin (2010–2017), and Changchun water resource bulletin (2010–2017).
In addition, water quota references the industry water quota standards of Jilin province
and some environmental data comes from the website of Jilin province environmental
protection bureau.

3. Establishment and Prediction of Water Demand Model

The analysis of the balance between supply and demand of water resources can
reflect the overall level of water use in a region and is an important factor affecting the
WRCC. In recent years, ecological and environmental problems have become increasingly
prominent, and ecological water demand will also become an important issue in the analysis
of the balance between water supply and demand. This study collects water supply and
demand data for the past eight years in the study area and focuses on ecological water
demand to predict the water demand in the next 13 years.

3.1. Model Related Methods

Since the study area involves 15 different administrative districts, if the forecast is
made one by one according to the different water demand industries, the amount of data
required is large and it is difficult to maintain consistency. The combination of the GCA
and MLR model can make up for this deficiency. Using the GCA method, the correlation
coefficients between the six water demands and the total water demand are calculated
respectively. The six water requirements are ecological and environmental water demand,
urban public water demand, domestic water demand, forestry, animal husbandry and
fishery water demand, farmland irrigation water demand, and industrial water demand.
One selects indicators with high correlation coefficients and establishes MLR models
of each indicator for total water demand, then obtains total water demand at different
planning levels.

3.1.1. The GCA Method

The GCA is to find the important factors that affect the target value by looking for the
correlation between various factors between random sequences. This method is mainly
to determine the correlation between the influencing factors and the target value, find the
main characteristics of the problem, and intuitively quantify the complex influencing
relationship. The main calculation method is to perform dimensionless processing on
all data, set the processed target sequence to x0, and set the factor sequence to xi (i = 1,
2, . . . , n); perform a difference between the two sequences. Calculate to find the maximum
difference and minimum difference between the two poles. Among them, the difference
sequence is expressed as:

∆0i(k) = |x0(k)− xi(k)| (1)

Find the correlation coefficient between each factor and the target value εi(k):

εi(k) =
min min|x0(k)− xi(k)|+ ρmax max|x0(k)− xi(k)|

|x0(k)− xi(k)|+ ρmax max|x0(k)− xi(k)|
(2)

Equation (1), ∆oi(k) is the absolute value of the difference between two sequences.
Equation (2), ρ for the resolution coefficient, the empirical value is 0.5; max max

|x0(k)− xi(k)| is the maximum difference between the two levels; min min|x0(k)− xi(k)|
is the minimum difference between the two levels; the greater the calculated value of εi(k),
the greater the correlation between the factor and the target value.

Finally, according to the correlation coefficient, determine the degree of correlation
between the influencing factors and the target sequence ri:

ri =
1

n
(εi(1) + εi(2) + . . . + εi(n)) (3)
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Similarly, among all influencing factors, ri with the larger value has a higher degree of
correlation with the target sequence.

3.1.2. The MLR Model

The MLR model is a predictive method that participates in the analysis of the linear
relationship between two or more independent and dependent variables. The method of
establishing MLR model is as follows:

Suppose there is a linear relationship between the dependent variable y and the
independent variable xi (i = 1, 2, . . . , n):

yi = β0 + β1x1 + β2x2 + . . . . . . + βnxn + ε (4)

In Equation (4), βi is the regression coefficient, i = 1, 2, . . . , n; generally n > 2; ε is the
random factor of error, and it follows the N(0, σ2) distribution.

Let Y =











y1

y2
...

ym











, X =











1 x11 · · · x1n

1 x21 · · · x2n
...

... · · ·
...

1 xm1 · · · xmn











, β =











β0

β1
...

βn











, ε =











ε0

ε1
...

εn











, the MLR

models in matrix form are available as follows:

Y = Xβ + ε (5)

3.2. Model Establishment and Error Analysis

Combining the water supply and demand data from 2010 to 2017, the GCA method
is used to obtain the correlation between the total water demand and the other basic
water demand. The correlations obtained are ecological and environmental water demand
(0.819), urban public water demand (0.652), domestic water demand (0.610), forestry,
animal husbandry and fishery water demand (0.670), farmland irrigation water demand
(0.709), and industrial water demand (0.744). Three indicators with a correlation degree
greater than 0.7 are selected as the main influencing factors of total water demand.

With the help of SPSS statistical analysis software, a multivariate regression matrix
with three factors of ecological environment (X1), farmland irrigation (X2) and industrial
water demand (X3) as independent variables and total water demand (Y) as dependent
variable was constructed. Solve the regression model as follows:

Y = −2.408X1 + 2.082X2 + 1.087X3 − 7.243 (6)

The MLR model is tested for errors based on each water demand and total water
demand from 2010 to 2017, as shown in Table 1. According to the analysis results, the error
values are all within 1%, which meets the prediction accuracy requirements. Therefore,
the established MLR model is suitable for the prediction of the total water demand in this
study area.

Table 1. Fitting result of actual value and predicted value of total water demand.

Ecological and Environ-
mental Water Demand

Farmland Irrigation
Water Demand

Industrial
Water Demand

Actual Total
Water Demand

Forecast Total
Water Demand

Relative
Error

2010 0.365 11.326 13.596 30.261 30.241 0.06%
2011 0.587 11.308 13.454 29.436 29.515 −0.27%
2012 0.603 11.492 13.193 29.655 29.576 0.27%
2013 0.598 11.755 12.550 29.348 29.438 −0.30%
2014 0.640 11.654 12.500 29.146 29.071 0.26%
2015 0.576 11.531 12.208 28.642 28.651 −0.03%
2016 0.637 11.601 12.444 29.014 28.907 0.37%
2017 0.591 11.834 12.528 29.393 29.592 −0.68%
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4. Establishment of a Rapid Evaluation Model

In order to achieve efficient and accurate evaluation of WRCC, the study selects the
FCE method to establish corresponding evaluation system. Measuring the size of WRCC
by setting various plans provides a basis for regional water resources development and
utilization.

4.1. Evaluation Method

First, establish the set of influencing factors of WRCC U = (u1, u2, . . . , un), and the
corresponding comment set V = (V1, V2, . . . , Vn). Second, the membership degree rij of the
comment set vj is determined by a single factor fuzzy evaluation, which means to evaluate
the single factor u, and the single factor evaluation set ri = (ri1, ri2, ri3) is obtained. Then,
the evaluation index is quantified separately, and the corresponding membership degree rij

is obtained, thus establishing the fuzzy relation matrix R with the amount of m evaluation
factors. Finally, by analyzing weights A = (α1, α2, . . . , αn) of different influencing factors,
the fuzzy operation B = A × R is used to synthesize the weight vector of the influencing
factors and the fuzzy evaluation matrix to obtain the FCE’s results.

The degree of membership usually indicates a certain degree of deviation, using two
sets of formulas to calculate the membership function. x1 and x3 are the critical values
of V1, V2, and V2, V3, respectively, and the grade of V2 is the interval midpoint value of
x2 [14], where x2 = x1+x3

2 . The first set of formulas is applicable to the case where the larger
the index Ui is, the better the system is. The second set of formulas is applicable to the
case where the smaller the index Ui is, the better the system is. The two sets of calculation
formulas are as follows:

First set of formulas:

V1(ui) =















0.5
(
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(
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(7)
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Second set of formulas:
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V3(ui) =


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The corresponding membership degree rij is calculated separately, and matrix R
corresponding to different horizontal years of each administrative region in the study area
is obtained as follows:

R =













r11
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r12
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. . . r1n

. . . r2n
...

... . . .
...

rm1 rm2 . . . rmn













(13)

The vectorization evaluation result B is obtained from the membership matrix and the
weight, and the formula is as follows:

B = A × R = (α1α2 . . . αn)·













r11

r21

r12

r22

. . . r1n

. . . r2n
...

... . . .
...

rm1 rm2 . . . rmn













= (b1b2 . . . bm) (14)

To facilitate the comparative evaluation, the vectorization result is quantified by
the following formula, and the corresponding comprehensive score value λ is obtained,
where k = 1, and the higher λ indicates that the regional WRCC is higher.

λ =
∑

n=3
i=1 bk

i × λi

∑
n=3
i=1 bk

i

(15)

4.2. Evaluation of Index Selection

The key to correctly evaluate the regional WRCC is to properly select fuzzy evaluation
indicators. To better reflect the status of regional WRCC, it is particularly important to
select regionally representative evaluation indicators. Many factors influence the WRCC.
Most studies only consider the impact of the amount of water resources, social economy,
and ecological environment on WRCC [24–26] but ignore the impact of water quality on
regional WRCC. This tends to make the calculation of the WRCC too large and fails to reflect
the real situation in the study area. In fact, due to the different degrees of water pollution,
the actual water supply and availability of water are smaller than themselves. Combined
with the actual situation of the uneven distribution of water resources and the outstanding
water quality problems in the study area, this study incorporates the water environment
capacity (WEC) into the evaluation of WRCC. We considered the factors of water resources
(including water quality and water quantity), as well as the socioeconomic and ecological
environment to calculate WRCC. This lays a foundation for truly establishing a new realm
of harmonious development of economic, social, and humanities based on the principle of
sustainable development (Figure 2).

4.2.1. Evaluation Indicators U1, U2, and U3

Based on the surface water and groundwater supply capacity, actual water supply,
and water demand in this region, the WRCC is evaluated from the perspective of the
quantity of water resources. Per capita available water resource (U1) = available water
resources/total population (m3/person); per capita water supply quantity (U2) = actual
water supply/total population (m3/person); water resource utilization rate (U3) = water
demand/available water resources (%).

69



Water 2021, 13, 16

Figure 2. The research system of water resource carrying capacity (WRCC) index evaluation.

4.2.2. Evaluation Index U4

Chemical oxygen demand (COD) pollution receiving capacity (U4) = the water envi-
ronment capacity of COD at this stage/the maximum water environment capacity of COD
(%). The maximum water environment capacity of COD means the maximum pollution
capacity that the region can received.

According to the results of the Water Resources Bulletin, Class IV, V, and above Class
V water quality river sections are shown in the rivers in the study area. The quality of
regional water resources is not optimistic [27,28]. In fact, the quality of water supply
directly affects the availability of actual water supply, and the WEC can reflect the two
main capabilities of water body dilution and natural purification. Therefore, based on
the preliminary understanding of the water quality of the Chang-Ji Economic Circle,
this study uses the water environmental capacity as the water quality evaluation index in
the evaluation system. Since the flow rate of the river in the study area is stable as well as
small, the calculation method of the overall standard is used.

The WEC is calculated as follows [29]:

W = 86.4Q0(Cs − C0) + 0.001KVCs + 86.4qCs (16)

where W is the initial value for WEC of the water body, Cs is the standard water quality of
the water body, Q0 is the incoming water flow, C0 is the upstream background concentration
of the incoming water, K is the water quality degradation coefficient, Q is the side flow of
the side stream, V is the flow rate, and q is the side inflow flow.

The overall standard calculation method usually does not consider the location of
the pollution source, so the calculation results tend to be too large, which is nonconserva-
tive. Therefore, in order to conform to the reality, an uneven coefficient is introduced for
correction [29]; the method is as follows:

W ′ = αW (17)

where W′ represents the corrected WEC, and α denotes the uneven coefficient.
Because the rivers in the area belong to the small and the middle rivers [30], their flow

is small and slow, and the uneven coefficient takes an empirical value of 0.8.

4.2.3. Evaluation Index U5

The Chang-Ji Economic Circle is a gathering place for old industrial cities. The de-
velopment of its industry can reflect the social and economic conditions of the region.
So, we select evaluation index U5 to effectively reflect this. Water demand of industrial
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output value of 10,000 Yuan (U5) = industrial water demand/industrial output value
(m3/10,000 yuan). The industrial water demand and the industrial output value is ob-
tained by the GCA and MLR model.

4.2.4. Evaluation Index U6

Lou [31] and Wang [9] confirmed that the modulus of water demand can reflect the
level of regional economic development. Thus, we select the Modulus of water demand as
the evaluation index U6 that effectively reflects the ecological environment of the study
area. Modulus of water demand (U6) = total water demand/land area (10,000 m3/km2).
The total amount of water demand is obtained by the GCA and MLR model and the
land area used the government published data. The required water modulus reflects the
restriction of the ecological environment on the WRCC.

By selecting the above six indicators, it can effectively reflect the balance of supply
and demand of water resources in the region, the amount of water resources, the quality of
water resources, and the impact of socioeconomic conditions and ecological environment
on the regional WRCC.

Based on the above-mentioned evaluation indicators U1 to U6, the impact degree of
WRCC is analyzed, and its comment set V = (V1, V2, V3) is established (as shown in Table 2
below). The WRCC of V1 to V3 is gradually weakened. For this evaluation, the second set
of formulas applies to U1, U2, and U4; however, U3, U5, and U6 apply to the first set of
formulas. The weight is determined according to the influence degree of the influencing
factors on the WRCC. According to expert analysis, the corresponding weights are obtained
from empirical values, that is, A = (α1, α2, α3, α4, α5, α6) = (0.2, 0.2, 0.3, 0.1, 0.1, 0.1). Then,
according to the score value (λ1 = 0.95, λ2 = 0.5, and λ3 = 0.05), the water carrying capacity
of each area is analyzed and evaluated, and the score value directly reflects the WRCC in
the area.

Table 2. Evaluation standard of WRCC grading indicators.

Evaluating Indicators Set U
Judgment Set V

V1 V2 V3

U1 Per capita available water resources (m3/Per) >1200 1200~400 <400

U2 per capita water supply quantity (m3/Per) >1000 1000~500 <500
U3 Water resource utilization rate (%) <40 40~90 >90

U4 COD(Mn) pollution receiving capacity (%) 78 50 22

U5 Water demand of industrial output value of 10,000 Yuan (m3/104 yuan) <20 20~90 >90

U6 Modulus of water demand (m3/km2) <10 10~60 >60
Score value λ 0.95 0.5 0.05

4.3. Reasonably Evaluate Regional WRCC

The evaluation value of WRCC is statistically analyzed and divided into three levels:
an evaluation value of WRCC greater than 0.6 is an area with good WRCC (I), an area
evaluation value of water carrying capacity ranging between 0.3 and 0.6 is medium (II),
and an area evaluation value of WRCC less than 0.3 is poor (III).

4.4. The Establishment of 4 Different Plans

4.4.1. Plan I

Under the current conditions, Plan I only considers the WRCC of self-produced water,
does not increase the local water supply, or expand the capacity of water transfer outside
the region, and predicts the carrying capacity of water resources in different years.

4.4.2. Plan II

On the basis of Plan I and considering the project “Carrying Water from Songhua River
to Changchun” to increase the local water supply, we predict the water carrying capacity of
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different years. According to the government’s economic development plan of the Chang-Ji
Economic Circle, the cumulative water supply capacity of the design diversion project in
Changchun City is 3.25 × 108 m3. After the completion of the water supply project in the
central city of Jilin Province, the cumulative water intake will be 5.83 × 108 m3 in 2020.
Furthermore, the cumulative water intake will be 6.92 × 108 m3 in vision level year 2030.

4.4.3. Plan III

Based on Plan II, Plan III strengthens water governance and considers industrial,
agricultural, and domestic water conservation. By reducing water usage quotas, increasing
the reuse rate of reclaimed water and treating sewage as the most important measures.

According to the “Standards for Local Standard Water Use in Jilin Province” [32],
the plan will appropriately reduce the industrial water quota, where each administration
increases the amount of water reuse by 0.05 billion m3/per year.

4.4.4. Plan IV

Based on Plan III, Plan IV increases an appropriate amount of transit water. The inflow
water of Songhua River is 62.02 × 108 m3 [27]. The increase in water supply is 40% of the
inflow water of Songhua River, while the increase in actual water supply is 20%.

5. Results

Due to the inconsistent development speed of various regions, even within the same
city, there are differences in regional WRCC. Most of the research only stays at the holistic
research within the scope of the region, while ignoring the research of small administrative
units [22,33]. Zhou et al. [11] compared with the temporal dynamic process of index change
in the water environment carrying capacity and thought that it is urgent to carry on
spatiotemporal dynamic change analysis in the WRCC considering spatial heterogeneity
and spatial evolution. As a result, this article uses the smallest administrative unit to
analyze change trend of WRCC from both time and space perspectives.

5.1. Results of Each Program from the Perspective of Time

5.1.1. Plan I

According to the results of Plan I (Figure 3), the study area is still generally in the
middle area of WRCC (II). In 2020, the WRCC of Fengman District is the largest (0.606),
while Chaoyang District is poor (0.287). By 2030, both Lvyuan District (0.298) and Chaoyang
District (0.27) are in areas with poor WRCC (III). The comparison shows that the compre-
hensive score of WRCC in 2030 is decreasing compared with 2020, but the rate of decline is
slow. It is comprehensively reflected that under the condition of not changing the status
quo, the WRCC of the study area will continue to weaken. According to existing research,
it likely due to the uneven distribution of the regional water resources [34], which makes
the contradiction between water supply and demand increasingly prominent and the
development potential decreases [35].
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Figure 3. Cont.

73



Water 2021, 13, 16

Figure 3. WRCC evaluation value of each region in different Plan. (a) Plan I (b) Plan II (c) Plan III (d) Plan IV.

5.1.2. Plan II

Under the influence of the open-source program, U1 and U2 increase in different
degrees and U3 decreases accordingly. The evaluation results have the highest degree
of membership to V2, and the WRCC in the area has been improved. There is no poor
(III) in the near and long term (see from Figure 3). In the next 13 years, the WRCC will
show a downward trend after a short period of improvement. It shows that the fewer
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water resources chiefly caused its long-term overloaded status [36] and the construction of
water diversion project will promote the improvement of WRCC. However, relying solely
on the construction of drinking water projects will not alleviate the problem of resource
constraints for a long time in the future. Thus, water conservation should be promoted
while transiting water [11].

5.1.3. Plan III

With the construction of the water diversion project and the popularization of water
saving and sewage treatment policy, the WRCC of the study area will improve greatly
compared with 2017. This plan can improve the utilization rate of water resources and
Alleviate the tight of the water supply and demand. Unlike the previous plan, the WRCC
of plan III will continue to grow in the future. It can be seen in Figure 3 that the WRCC
of the whole study area has improved significantly compared to Plan I, and the average
growth rate is 23%. In most areas of Jilin, there are areas with good (I) and medium (II)
WRCC, and the difference in WRCC of each administrative region will gradually reduce.
It shows that saving water and improving water quality are also important factors for
enhancing the WRCC [9,37].

5.1.4. Plan IV

Plan IV not only maintains the water resource utilization rate at a high level but also
greatly increases the water resource availability. So, the WRCC of the whole region has
been significantly improved compared with Plan I. Moreover, the difference in WRCC of
each administrative region has gradually decreased. The WRCC of most areas in the region
is good (I), and the WRCC in Changchun and surrounding areas has increased significantly
to a relatively high level (Figure 3 shows). As of 2030, the WRCC of the eight administrative
regions will increase by more than 50% over 2017. It shows great potential for regional
development and utilization. The shortage and uneven spatial and temporal distribution
of water resources has seriously restricted the sustainable development of regional society
and economy [38]. Plan IV is more in line with the principle of sustainable development
of society and meets the development goals of combining water quality, water quantity,
water ecology, and water environment, which can be used as a recommended plan.

5.2. Comparative Analysis of the Plan from the Perspective of Space

The predicted levels of WRCC in 2020 and 2030 at 15 observation locations in the
Chang-Ji Economic Circle were analyzed in four plans, the development potential of water
resources was evaluated (Figures 4 and 5), and the evaluation level was tested. According to
Figures 4 and 5, the WRCC at each observation location exhibited a continuously increasing
trend from Plan I to IV. These findings are consistent with the measures used in the design
of the plan, which provides a certain level of reliability and reference to the present research.

5.2.1. WRCC Spatial Distribution in 2020

Figure 4 shows that the level of WRCC in the Fengman District of Jilin City, which has
unique natural resource surrounding the Songhua River, will be good (I) during each plan
in 2020. As the administrative center of Changchun City, Chaoyang District has a relative
shortage of water resources and poor water quality. The level is predicted to improve from
III to II, and the value to increase from 0.287 to 0.579. Nanguan, Changyi, and Chuanying
District will retain the high level of II and will always have a certain development potential;
the values for the three areas will change by 0.268, 0.136, and 0.153, respectively. The rest
of the region will change from II to I and may adapt to social and economic development.
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5.2.2. WRCC Spatial Distribution in 2030

Figure 5 shows that the initial level of WRCC in Chaoyang and Lvyuan District are
both at III, and the potential of water resources exploitation is small. The WRCC level
Chaoyang changes from III to II, and it is greatly improved from III to I for Lvyuan District.
Additionally, their carrying capacity is greatly improved. Changyi and Chuanying District
will maintain the high level of II, and the value will change by 0.176 and 0.192, respectively.
The rest of the region will change from II to I, which will gradually increase the security
effect of the economy and society. The different plans to the subareas can provide a scientific
reference to rational distribution of economic development, elaborate management of water
environment as well as regional sustainable development in the future [35].

Figure 4. The level division of WRCC evaluation value in each plan (2020).
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Figure 5. The level division of WRCC evaluation value in each plan (2030).

Throughout each plan in 2020 and 2030, plan III will greatly improve the WRCC of the
whole region, with the eastern part of the study area having a significantly higher WRCC
than the western part. Some areas in Jilin have strong WRCC, and each administrative
region has a certain amount of development and utilization potential. Plan IV shows that
the WRCC of the whole district is obviously improved, compared to the Plan I. By this time,
the WRCC of the whole district will be strong, with most areas being at level I. Furthermore,
the water resources would be able to provide certain guarantees for social and economic
development.

The measures of water-saving, sewage treatment, water diversion projects, and transit
water utilization mean that WRCC is constantly changing. Based on the above-mentioned
various measures, the results of Plan IV show that over 84% of the regions have a relatively
large development potential. As regional development progresses, most regions would
develop slowly if no measures are taken (Plan I). These results further validate the intuition
and visualization of the WRCC classification and provide a basis for the government to
rationally allocate water resources [10,22].
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5.3. Limitations and Future Research Directions

This study selects the GCA, MLR, and FCE combined model to evaluate the WRCC
of the Chang-Ji Economic Circle. This combined model makes up for the shortcomings
of traditional indicator evaluation methods and achieves qualitative and quantitative
evaluation. Moreover, the coupling of the GCA and MLR model reduces the interference of
human factors and reduces the error value of the predicted evaluation index. Nevertheless,
this study still has certain limitations.

(1) Although this study has considered relevant subsystems related to the WRCC as
much as possible, such as social economy, water resources quantity, water resources
quality, water ecological environment subsystems. The research results provide favor-
able information guidance for the future development of Chang-Ji Economic Circle.
However, only the representative evaluation indicators in each subsystem are selected,
and the number of indicators selected is relatively small [39]. Future research should
be gradually improved.

(2) The coupling evaluation model selected this time is based on the index evaluation.
Although qualitative and quantitative analysis can be achieved, it is difficult to
achieve negative feedback adjustment. However, the SD model can make up for
this deficiency [34,40]. We believe that integrating the coupling assessment model
established in this research into the dynamic system of the SD model can be the focus
of future research [19].

6. Conclusions

The study established a hybrid model to analyze the WRCC of the Chang-Ji Economic
Circle. First of all, in order to make up for the shortcomings of traditional trend analysis,
the GCA and MLR coupling model can predict the changing trend of WRCC’s influencing
factors [28,41,42]. Accurate and quantitative evaluation index trend prediction can increase
the credibility of the evaluation results of the WRCC [9]. Then, using the FCE model,
the WRCC of each region is evaluated. Finally, based on the coupling results of the
hybrid model, the future WRCC of the districts and counties in the Chang-Ji Economic
Circle are compared in terms of time and space. It is worth noting that according to the
actual situation of the Chang-Ji Economic Circle, the impact of water quality on regional
WRCC is considered. The water environmental capacity is taken as a new evaluation
index and the WRCC evaluation system is proposed based on water quantity and quality,
social economy, and ecological environment. This makes up for the shortcomings of the
existing evaluation indicators and can more realistically reflect the status quo of regional
development. The presented research results allowed us to draw the following conclusions.

Four different water intake plans are considered to assess the WRCC of the study area
in 2020 and 2030. The study aims to eliminate potential problems in the societal develop-
ment of Chang-Ji Economic Circle through various plans and improve the affordability
of economic development. Considering the spatial heterogeneity and spatial evolution,
the spatial and temporal dynamic changes of WRCC are analyzed. From the perspective of
time changes, the WRCC of Plan I and Plan II remains at a medium level. Affected by the
constraints of supply and demand, the WRCC will continue to decline. The improvement
of the WRCC in Plan III was better than the abovementioned scenarios, yet the potential
development potential of the region is still hindered. Water saving measures and sewage
treatment can relieve the pressure of WRCC. In order to achieve sustainable development
of the region, Plan IV comprehensively considers the advantages of the above plans and
increases the amount of transit water to make up for the shortage of resource-based water
shortage. The WRCC of the whole region is generally good, and water resources can
support the rapid development of the social economy in Plan IV. From the perspective of
space changes, the WRCC of Plan I in Chaoyang and Lvyuan District will become a poor
level and lack the potential of water resources exploitation in the future. The improvement
thought Plan II will still not be sufficient compared with Plan III. It shows that the WRCC in
the eastern area of Chang-Ji Economic Circle is significantly higher than others. The WRCC
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of the whole district Plan IV is significantly improved in comparison with the current
conditions. Plan IV is proposed as the final recommendation through comprehensive
analysis and research. Strengthening sewage treatment and proper use of transit water
resources are more conducive to the rapid development of Chang-Ji Economic Circle.
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Nomenclature

WRCC Water resource carrying capacity

FCE Fuzzy comprehensive evaluation

SD System dynamics

GCA Gray correlation analysis

MLR Multiple linear regression models

WEC Water environment capacity

COD Chemical oxygen demand
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Abstract: The management of water in systems where the balance between resources and demands

is already precarious can pose a challenge and it can be easily disrupted by drought episodes.

Anticipated drought management has proved to be one of the main strategies to reduce their

impact. Drought economic, environmental, and social impacts affect different sectors that are often

interconnected. There is a need for water management models able to acknowledge the complex

interactions between multiple sectors, activities, and variables to study the response of water resource

systems to drought management strategies. System dynamics (SD) is a modeling methodology that

facilitates the analysis of interactions and feedbacks within and between sectors. Although SD has

been applied for water resource management, there is a lack of SD models able to regulate complex

water resource systems on a monthly time scale and considering multiple reservoir operating rules,

demands, and policies. In this paper, we present an SD model for the strategic planning of drought

management in the Jucar River system, incorporating dynamic reservoir operating rules, policies, and

drought management strategies triggered by a system state index. The DSS combines features from

early warning and information systems, allowing for the simulation of drought strategies, evaluating

their economic impact, and exploring new management options in the same environment. The results

for the historical period show that drought early management can be beneficial for the performance of

the system, monitoring the current state of the system, and activating drought management measures

results in a substantial reduction of the economic impact of droughts.

Keywords: water management; resources; system dynamics; drought management; drought impacts

1. Introduction

Drought is a natural hazard and, as such, has to be understood as a natural feature of climate.

Whether or not a drought becomes a disaster depends on its social, economic, and environmental

impacts [1]. Therefore, the key to understanding drought is to acknowledge its different dimensions.

Drought affects both surface and groundwater resources and can lead to reduced water supply for

in-home consumption and agricultural and industrial activities. Furthermore, it can deteriorate water

quality by rising nitrate, ammonium, and phosphate concentrations, and disturb riparian habitats [2,3].

Agriculture is the most affected sector by droughts, but many other sectors may suffer relevant

losses, including energy production, tourism and recreation, transportation, urban water supply, and

the environment. Sustained drought can cause social, economic, and energy crises, even leading

to migration from affected zones (often rural and agricultural-focused) to other regions or nearby

countries [4]. Drought is not the only issue that water resource systems have to face regarding water
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availability. Water scarcity refers to continued unsustainable use of water resources and it can be

influenced by water management [5]. Increasing water demand due to population growth and the

development of the agricultural, energy, and industrial sectors has increased the frequency of water

scarcity events that occur when there is a lack of freshwater to meet the demands [6]. Climate change

is expected to further aggravate water scarcity because of the increase in drought frequency, severity,

and duration [7,8].

There is an increasing concern worldwide about the ineffectiveness of most common drought

management practices, largely based on crisis management and on treating symptoms (impacts) rather

than the underlying causes associated with them [7]. The European Union has promoted the move from

crisis management to drought risk management since 2007 [9]. However, there are gaps in the current

water scarcity and droughts policy of the EU, including [10]: conceptual gaps on the understanding of

causal relationships between drivers, pressures, status, and impacts; limited data on current and future

water demand and availability; policy, governance and implementation gaps regarding measures to

increase water supply and to target pressures and impacts caused by droughts.

Drought management plans are tools that aim to reduce the impact of droughts in water resource

systems providing a framework for proactive, risk-based management [9]. A coordinated drought

plan includes monitoring, early warning and information systems, impact assessment procedures, risk

management measures, preparedness plans, and emergency response programs. Without these plans,

nations will continue responding drought in a reactive, crisis management mode [7]. A key feature

of drought management plans is the use of indices to establish a link between the state of the river

basin and the measures to be taken [11]. Drought indices have been developed for assessing drought

parameters including intensity, duration, severity, and spatial extent, and are effective tools in the

monitoring and management of droughts [2,12]. However, traditional drought indexes often fail at

detecting critical events in highly regulated systems, where natural water availability is conditioned

by the operation of water infrastructures such as dams, diversions, and pumping wells. Here, ad

hoc index formulations are usually adopted based on empirical combinations of several significant

hydro-meteorological variables through customized formulations [13]. A system of drought indicators

based on levels or thresholds depending upon the degree of water scarcity, and several management

actions aiming to mitigate critical situations have been developed in the Jucar River system [11,14].

The creation and institutionalization of multi-sector partnerships have reinforced the development of

efficient drought management [15]. To support drought management, scientific approaches including

drought characterization, development of risk indicators, and the analysis of economic instruments

for risk mitigation are involved in conjunction with the identification, selection, and prioritization of

measures to lessen the effects of drought [16]. Decision support systems (DSS) have been developed to

study effective drought management strategies, as they are considered one of the most effective tools

for integrated water resource management [6]. The use of DSS tools for drought risk management has

been increasing during the last decades [17–20]. Studying resource allocation requires the development

of DSS able to apply drought management strategies and to dynamically evaluate the status of water

resource systems [12]. Multi-criteria decision analysis tools (MCDA) are also oriented to assist the

decision-making process in the operation of water resource systems. Nevertheless, a major problem in

developing MCDA processes is to understand the risk associated with persistent drought conditions, as

risk management involves subjective considerations [6]. The water sector’s importance for other sectors

requires policies and management strategies that are aware of the potential widespread impacts [21].

Very often, undesired effects can be derived from the execution of drought management strategies.

For example, increased groundwater extraction to compensate for the reduction of surface water

availability can lower base flows of rivers and streams, and reduce the piezometric level of aquifers [22].

These unexpected consequences can affect river biota, agriculture income, and urban supply in ways

that are more damaging or long-lasting in time than the aforementioned drought. Consequently, there

is a need for management models able to simulate the complex interactions between different sectors

and activities to study the response of water resource systems to drought management strategies.
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System dynamics is a theory of system structure and a set of tools for representing complex

systems and analyzing their dynamic behavior [23]. This methodology is particularly useful for

studying complex water resource systems with interacting elements and policies, whose behavior

cannot be easily predicted [24]. The development of system dynamics models to analyze and improve

water resource management has a tradition that dates back to the late 1960s. Since then, and thanks

to the development of computer technology and user-friendly system dynamics software, all types

of qualitative models have been developed for improving system understanding in water resource

systems. However, system dynamics have not been yet applied to highly regulated and complex

water resource systems for testing drought management strategies with a quantitative approach and

integrating a drought early warning system.

The objective of this paper is to develop a decision support system (DSS) based on system

dynamics for the efficient drought management of the Jucar River system. The DSS simulates the

management of the Jucar multi-reservoir system integrating monthly-defined reservoir operating rules,

stream-aquifer interaction and conjunctive use of surface and groundwater, drought management

measures (linked to a system state index), and all this taking into account current water demands

and allocation criteria. The tool allows studying the effect of policy and management measures in the

system, and it serves as a steppingstone towards the understanding of water resource systems as a

holistic system. The DSS provides quantitative results comparable to the historical records for the

calibration and validation period. The calibrated model facilitates the design, testing, and selection of

new drought management strategies. Section 2 introduces the system dynamics modeling method,

details some applications of the methodology for the management of water resource systems and

describes the Jucar River system case study. Section 2 also introduces and describes the main features

of the system dynamics model developed for the case of study. Section 3 shows and discusses the

results, first validating the behavior of the model and later discussing the hydrological and economic

results for the simulated scenarios. Finally, Section 4 exposes the conclusions.

2. Materials and Methods

2.1. System Dynamics for Water Resource Systems Modeling

System dynamics modeling is a methodology of model development that facilities a holistic

understanding of water resource systems, as it allows analyzing how different elements of a system

relate to one another and permits studying the changing relations within the system when different

decisions are included [25,26]. The usual purpose of the analysis of system dynamics is to understand

how and why the dynamics of concern are generated and to look for managerial policies that can

improve the system performance [27]. In system dynamics, the system structure is determined by

the positive and negative relationships between variables, feedback loops, system archetypes, and

delays [28,29]. The totality of the relationships between the system components constitutes the

system structure, and the system’s structure defines its behavior [30]. This methodology focuses on

understanding how the physical processes, information flows, and managerial policies interact to create

the dynamics of the different variables of interest [31]. To achieve this knowledge, qualitative/conceptual

and qualitative/numerical modeling methods are applied.

Qualitative modeling (e.g., causal loops diagrams and definition of the positive and negative

relationships between variables) improves our conceptual system understanding [29]. This type

of modeling is often seen as a propaedeutic step to quantitative modeling, where the behavior of

the system and the effects of different intervention policies can be visualized through simulation.

Qualitative models can be further developed into quantitative models (Figure 1). This change requires

a deep knowledge of the existing physical, analytical, and statistical relationships between the variables

of the system. In system dynamics, the relationships between variables can be expressed by linear,

non-linear mathematical equations and logical expressions such as IF-THEN statements, to introduce
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management policies and rules. To assess the truthfulness of the quantitative models they are validated

by comparing their results to the available historical records.

Water 2020, 12, x FOR PEER REVIEW 4 of 20 

 

introduce management policies and rules. To assess the truthfulness of the quantitative models they 
are validated by comparing their results to the available historical records. 

 
Figure 1. System dynamics modeling framework. 

Traditionally, water resources management models were designed with a one-dimensional 
optimal engineering approach, performed with little regard for social, environmental, or cultural 
aspects [32]. However, the increased recognition of complexity and uncertainty has promoted the use 
of more flexible simulation-based tools such as the ones provided by system dynamics [28]. System 
dynamics provides tools for the graphical representation of systems, facilitates flexible and 
transparent modeling, eases the holistic understanding of the problem, captures long-run behavioral 
patterns and trends, facilitates clear communication of model structure and results, promotes sharing 
modeling, facilitates sensitivity analysis, and it is suitable for policy assessment and selection [25]. 
System dynamics modeling environments include Powersim (Powersim Corp., 1993), Simile 
(Simulistics, 2002), Stella (High Performance Systems, 1992), and Vensim (Ventana Systems, 1996). 
Nowadays, these environments are able to assist modelers and can handle many variables, delays, 
and interdependent subsystems, allowing the creation of modular object-oriented models, therefore 
increasing interchangeability and reusability. 

The application of system dynamics in water resource management has grown since the 90s. 
Nowadays, we find applications of system dynamics modeling to study a large variety of water 
resource issues [29]. They range from region-scale models with multiple demands and frequent water 
scarcity events [33,34], to models coupling surface and groundwater dynamics for a basin [35], flood 
management or predicting models [36,37], reservoir operation and water supply for multiple water 
users [38], and the design of water pricing policies [39]. However, system dynamics application to 
simulate the management of highly regulated water resource systems integrating multiple reservoirs, 
operating rules, dynamic drought management, groundwater use, and conflicting water demands 
remains very limited. Yet all these features are required to analyze the issue of drought early warning 
and management in complex water resource systems. 

Drought management is a multidimensional concept that includes meteorological, ecological, 
hydrological, environmental, and socioeconomic perspectives. The development of DSS for 
improving drought management requires the combination of several models [6]. Coupling and 
analyzing the interactions between these models is often a difficult issue. System dynamics is a 
methodology that provides a common playground for the interaction of different subsystems and 
submodels, facilitating the analysis of the existing relationships and providing a holistic view of the 
issue. 

Figure 1. System dynamics modeling framework.

Traditionally, water resources management models were designed with a one-dimensional optimal

engineering approach, performed with little regard for social, environmental, or cultural aspects [32].

However, the increased recognition of complexity and uncertainty has promoted the use of more flexible

simulation-based tools such as the ones provided by system dynamics [28]. System dynamics provides

tools for the graphical representation of systems, facilitates flexible and transparent modeling, eases

the holistic understanding of the problem, captures long-run behavioral patterns and trends, facilitates

clear communication of model structure and results, promotes sharing modeling, facilitates sensitivity

analysis, and it is suitable for policy assessment and selection [25]. System dynamics modeling

environments include Powersim (Powersim Corp., 1993), Simile (Simulistics, 2002), Stella (High

Performance Systems, 1992), and Vensim (Ventana Systems, 1996). Nowadays, these environments

are able to assist modelers and can handle many variables, delays, and interdependent subsystems,

allowing the creation of modular object-oriented models, therefore increasing interchangeability

and reusability.

The application of system dynamics in water resource management has grown since the 90s.

Nowadays, we find applications of system dynamics modeling to study a large variety of water

resource issues [29]. They range from region-scale models with multiple demands and frequent water

scarcity events [33,34], to models coupling surface and groundwater dynamics for a basin [35], flood

management or predicting models [36,37], reservoir operation and water supply for multiple water

users [38], and the design of water pricing policies [39]. However, system dynamics application to

simulate the management of highly regulated water resource systems integrating multiple reservoirs,

operating rules, dynamic drought management, groundwater use, and conflicting water demands

remains very limited. Yet all these features are required to analyze the issue of drought early warning

and management in complex water resource systems.

Drought management is a multidimensional concept that includes meteorological, ecological,

hydrological, environmental, and socioeconomic perspectives. The development of DSS for improving

drought management requires the combination of several models [6]. Coupling and analyzing the

interactions between these models is often a difficult issue. System dynamics is a methodology that
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provides a common playground for the interaction of different subsystems and submodels, facilitating

the analysis of the existing relationships and providing a holistic view of the issue.

2.2. Case Study: Drought Management in the Jucar River System

The Jucar River system is located in Easter Spain. The system is subjected to a tight equilibrium

between total water demand (1505 Mm3/year, 2009–2015 period average) and water resource availability

(1548 Mm3/year) [40]. Agriculture is the largest water use by far (89%), followed by urban (9%) and

industrial uses (2%). The Jucar is the main source of urban water supply to the city of Valencia and its

metropolitan area (about 1,500,000 inhabitants, third largest municipality in Spain). Water from the

Jucar is diverted to the Turia River through a 60 km canal (Canal Jucar-Turia), also used for irrigation

of mainly citrus and vegetables (Figure 2). Furthermore, there is an intense water use for irrigation in

the lower Jucar, downstream of Tous reservoir, with traditional irrigation districts holding senior water

rights dating back to the Middle Ages. Non-consumptive water demands include minimum ecological

instream flows and hydropower generation.
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The main surface reservoirs are Alarcon (1112 Mm3 of capacity), Contreras (463 Mm3 of useful

capacity), and Tous (378 Mm3). The regulation capacity of these reservoirs is mainly multi-annual:

Alarcon and Contreras are devoted to consumptive uses, while Tous is mostly used for flood protection.

The intense overexploitation of the main groundwater body, the Mancha Oriental aquifer (middle

basin, near Albacete), for irrigation since the 1970s has shifted the stream-aquifer interaction between

Alarcon and Tous from gaining to losing river, diminishing downstream surface water availability.

The sustainable use of this aquifer is one of the challenges in the management of the system [41,42].

During droughts, the Plana de Valencia Sur aquifer, located in the lower basin (downstream of Tous),

is used as an alternative water source.

Water scarcity, irregular hydrology, and groundwater overdraft result in droughts with significant

economic, social, and environmental consequences. This situation is expected to be exacerbated by

the impacts of climate and socioeconomic (global) changes and increasing institutional impediments

from political disputes among the two main riparian regions, Castilla-La Mancha (upstream; mainly

Albacete province) and Valencia (middle and downstream basin). A range of different innovative

solutions are considered to face the main water management issues, such as pumping-water right

acquisitions during droughts, increasing wastewater reuse, “in lieu” recharge (providing surplus
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surface water to groundwater users, keeping groundwater in storage for later use), water-saving in

agriculture through drip irrigation, new water allocation mechanisms, water banks, water pricing, and

irrigated crop drought insurances (among others), which makes this case a real lab for analyzing risk

management strategies to cope with drought, extreme events, and climate change [43].

The operation of the system, managed by the Jucar River Basin Authority (Confederacion

Hidrografica del Jucar, CHJ), is subject to physical, environmental, and legal constraints. The main

physical constraints correspond to the reservoir, river, and canal capacities. The environmental

constraints are the minimum flows prescribed in certain river reaches and the inflow requirements of

the Albufera wetland. The main legal constraint in the Jucar River system is the Alarcon Agreement,

signed between the Spanish Ministry of the Environment and the senior users of the Jucar River—mainly

farmers—gathered together in the Unidad Sindical de Usuarios del Jucar (USUJ). The agreement

divides Alarcon in two zones by a rule curve. If the water level in Alarcon is above the threshold,

water can be freely allocated, but if the storage is below certain value, water in the system is reserved

exclusively for the USUJ members. In this case, other water users who want to access water from the

Jucar River would have to pay a financial compensation to USUJ. The operators also follow additional

criteria to decide the releases during the irrigation period (May–September): not causing undesired

spills from Tous (the downstream reservoir), not storing more than 450 Mm3 in Contreras to avoid

stability problems, and not storing more than 72 Mm3 in Tous at the end of the summer to avoid flood

damage during autumn due to intense rainfall events [42].

The Jucar River basin, as most Mediterranean and south-eastern basins of Spain, is very vulnerable

to droughts [11]. The recurrence of these events is also an important factor when considering the

management of the system, as a high-frequency appearance of droughts do not allow the system

to properly recover water storage to face future water-scarcity events. The latest drought periods

(1991–1995; 1997–2000 and 2004–2009) were classified as extreme droughts using the SPI index [14].

During the drought period 2005–2008, surface water available for agriculture decreased by up to 40%

compared to the average. Because of this, drought emergency wells in the lower basin were activated.

Despite of these efforts, the drought caused an important economic impact, especially to agriculture

activities. The situation is expected to be exacerbated by the impact of climate change [8,44].

A key feature of drought management plans is the indices that define the different drought stages

and trigger mitigation measures. Drought indices should capture the state of the water resource system

as a whole, allowing the planner to active measures to reduce its impact. Some of the measures for

drought management include conjunctive use of surface and groundwater, awareness campaigns

to promote domestic water savings, economic tools, control of the supply to agricultural demands

from reservoirs, and water reuse [16]. Traditionally, the management of droughts in the Jucar Basin

was regulated as an emergency, and the application of Royal Decrees was necessary to mitigate their

impacts [12]. From 2007, drought management in the Jucar River system is regulated by a drought

management plan [14,40] that establishes a state index to monitor the system and a set of drought

management measures triggered by the different drought stages. This index is calculated using

different variables distributed in the area of the river basin, including reservoir storages, groundwater

levels, streamflow, precipitation, and reservoir inflows. The state index takes values between 0 and 1,

with four system states: normal, pre-alert, alert, and emergency. Then, different drought management

measures are applied depending on the system’s state index. These measures can be divided into 2

groups, (1) control of water supply for urban and agricultural uses and, (2) increase of water availability

by drought emergency wells use and increasing water reuse.

2.3. System Dynamics for the Jucar River System

The system dynamics model developed for the Jucar River system represents its current

management with a monthly time step, including the state index of the system and the management

measures linked to this state. The software Vensim Pro [45] has been used for the creation of the model.

The Jucar model was divided into 5 subsystems:
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1. General view of the system: defines the system structure, its three main reservoirs, the connections,

intakes, and outflows from the river (Figure 3).

2. Mancha Oriental aquifer: simulates the aquifer using a two-cell embedded multi-reservoir model,

in line with the one used by the CHJ in its water resource management models [40,42].

3. Water demands: defines the different monthly water demands, the distribution of water, and the

system deliveries and deficits.

4. Reservoir operation: defines the seasonal operating rules of the system.

5. State index: calculates the state index and defines the management measures to take based on it.
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The model incorporates monthly water inflows in 5 sub-basins where data from CEDEX [46],

the Spanish institution responsible for collecting and supplying data on civil engineering and water,

has been obtained and processed. The main view of the model (Figure 3) captures the water flows

through the Jucar system, including water infrastructures and stream-aquifer interaction with the

Mancha Oriental aquifer. This structure is based on previous models for the area [42], and provides a

general framework to visualize the system’s network and to allow the integration of other sub-models.

The model incorporates a submodel that simulates the current operation of the system (Figure 4), based

on historical records and trends of the main variables.

The operating rules of the three reservoirs are defined at the monthly scale, mimicking the

operation of the system for the 2003–2013 period, and introducing the constraints that bind the seasonal

operation of the Jucar River system. The rules were obtained using fuzzy rule-based systems (FRB),

co-developed with the experts from the Operation Office of the Jucar River Basin Authority [42].

A series of workshops and surveys were used to extract the decision-making processes followed in

the seasonal operation of the Jucar River system. The implicit operation of the system was encoded

into two FRB systems that were validated against historical records on reservoir storages and releases,

streamflows, and deliveries to consumptive demands for the 2003–2013 period. The developed FRB

were introduced into the SD model through piecewise linear regressions equations (Figure 5). Some

flexibility is lost in the process of transforming the FRB rules into linear regressions, as it can be

observed in the figure.
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Figure 5. Graphical representation of the simulated operating rule of Tous reservoir in July. Blue dots

represent the values of releases using fuzzy logic. Red crosses show values for the piecewise linear

regression introduced into the SD model.

To compensate this loss of flexibility, the obtained rules for Alarcon and Contreras reservoirs

were adjusted using seasonal factors (depending on whether it was or not irrigation season) and a

scarcity factor different for both winter and summer seasons, to account for differences observed in

the management of the system that were not correctly captured by the calculated piece-wise linear

equations. Releases from Tous were computed as the minimum value between the downstream

demand and the releases calculated by the piecewise linear equations. This implies that the system

will not release more water from Tous than needed, minimizing unwanted releases to the sea while

still capturing the seasonal behavior provided by the operating rules. The Alarcon Agreement was

explicitly introduced into the model’s formulation.

The water demands considered by the model are divided into urban and agricultural demands

and were located and compiled from the public information provided by the CHJ [47]. Most of them
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are located downstream Tous, although the model also accounts for the demands located in the middle

basin, one of them being a groundwater demand that affects the stream-aquifer interaction. The current

operating rules of the system prioritizes water allocation to urban uses. Environmental requirements

have been considered as a restriction and are captured by the operating rules of the reservoirs.

The model simulates stream-aquifer interaction between the Mancha Oriental aquifer and the

Jucar River using a two-cell Embedded Multi-reservoir Model (Figure 6) [48]. Its formulation is

based on the analytical solution of the stream-aquifer flow equation applied to linear systems, as well

as it analogy with the state equation. Groundwater discharge can be expressed as the theoretical

sum of an infinite number of linear reservoirs whose discharge is linearly proportional to the stored

volume. In normal conditions, a limited number of linear reservoirs is enough to adequately reproduce

groundwater discharge. Although the EMM does not calculate spatially-distributed heads and

internal groundwater flows, it can provide an accurate representation of stream-aquifer interactions,

even in karstic aquifers [49,50] and it is used in some general DSS services for water resource

management [42,51]. Groundwater flow is calculated as the integration of the outflow of 2 linear

reservoirs in which the discharge is linearly proportional to the volume stored. The EMM built for the

Mancha Oriental aquifer represents exclusively the impacts of the anthropic stresses on stream-aquifer

interaction, since the natural discharge was already included in the natural inflow time series of the

model [42]. The anthropic-induced net recharge corresponds to the agricultural percolation minus

groundwater abstractions. As shown by Macian-Sorribes et al., 2017, the calibrated EMM was able to

capture well both the over-year trend and the seasonal variation of the historical values.
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Figure 6. Subsystem for the stream aquifer interaction between the Jucar River and the Mancha

Oriental aquifer.

The model also implements a state index subsystem. This subsystem checks the state of the

system each time-step during the simulation, as does the state index used by the CHJ on a monthly

basis. The equations defining the relationship between past and present system states are taken from

the Jucar drought management plan [14,52].

The monthly system state index (Si) has the following expression:

Si =
1

2

[

1 +
Vi −Vav

Vmax −Vav

]

if Vi ≥ Vav
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Si =
Vi −Vmin

2(Vav −Vmin)
if Vi < Vav

where Vi is the value of the variable at the beginning of the month i and Vav, Vmax y Vmin are the

recorded average, maximum and minimum monthly values of the variable since 1982. In the case of

the SD model, the subsystem uses historical data of the average, maximum, and minimum value of

water storage for each one of the three reservoirs and compares the recorded values to the current state

of the system. Although the evaluation of the system state index executed by the water authority for

the Jucar River basin takes into account 9 additional variables other than the water storage (including

piezometric levels and water inflows), in regulated systems the volume stored in the reservoirs is

regarded as a good approximation of the actual status of the whole system [53].

The state index subsystem is able to trigger drought management measures depending on the

current state of the system (Figure 7).
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incorporating drought management strategies.

The system state index takes values that range from 0 to 1. Each month, the model transforms

the system state index (a floating-point number) to the corresponding integer state (normal, pre-alert,

alert, and emergency) applying the thresholds defined by the water authority. Drought management

strategies defined in this subsystem are introduced as actions into their respective subsystems using

shadow variables. The measures implemented consider both supply and demand side solutions. For

instance, when triggered, the variable “Agricultural supply management” is linked to the agricultural

supply on the “Water demand, supply and deficit” subsystem applying a restriction of 20% or 40% on

the deliveries to the agricultural demands, depending on the state index. “Urban supply management”

restricts the water delivered to the urban demand in alert or worse situations by 5%, reproducing the

estimated effect of the water-saving awareness campaigns proposed by the water authority [14,52].

“Groundwater extractions” and “Alternative water sources” variables simulate the use of wells and the

reuse of wastewater respectively for agricultural supply; the intensity of both actions depends on the

monthly state of the system. All the values and management measures represented in the state index

subsystem are based on the current drought management plan for the system.
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3. Results and Discussion

3.1. Model Evaluation

The system dynamics model of the Jucar River system was evaluated using the 2003–2013 period.

The comparison between the model’s results and historical records showed that the model is able

to capture the observed operation (Figure 8). Residual plots for the same variables can be found in

Appendix A (Figure A1). Total storage was closely reproduced by the model, as can be observed in the

plot and in the R-squared index. The Alarcon and Contreras releases were adequately reproduced on a

broader view, due to the resemblance of the intra-annual patterns. However, the model results depart

from the historical observations in some years. This is due to the fact that the middle basin is modeled

in less detail than the lower one. For instance, hydroelectric production has not been included in the

middle basin. In any case, storages in Alarcon and Contreras are adequately reproduced (Figure A2)

and the overall in-year dynamics of the system was matched, so these deviations do not have a

significant impact on the performance of the model. Tous releases results correctly fit the available

data. These releases have a major importance for the model since the majority of the surface water

demands are located downstream. As for water supply deficits, the simulated values matched the

observed data adequately, including the main peaks associated with the 2005–2008 drought, especially

during the years when the drought was more severe. Differences between observed and simulation

results can also be explained by the fact that the model assumes a constant annual demand for the

whole simulation period while, actually, demands changed due to population change, variation in

irrigated areas, and shift from gravity to drip irrigation [47].
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Releases from Alarcon and Contreras are cumbersome to model because of the uncertainties of the

middle basin, changes in downstream demands, and varied criteria of releases and management over

the simulated period. Although it would be possible to introduce variable demands into the model,

there is no available data to represent the variation of all the demands during the simulation period.

Furthermore, although the model incorporates monthly operating rules for the reservoirs based on a

fuzzy logic representation of the system operation reported by the managers [42], those rules cannot

reproduce discretionary changes in the operation of the system during the simulation period.
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Once verified that the developed model matches adequately the historical behavior of the

Jucar River system, further simulations were launched to test different management assumptions

and scenarios.

3.2. System State Index and Drought Management Strategies

The SD model has been applied to study the interaction between the previously indicated drought

management strategies and other variables of the system. A comparison between simulations with and

without the drought management strategies introduced into the management in 2007 was performed.

Results obtained when applying the drought management measures show improvements for the state

index of the system and for the system’s total water storage (Figure 9).
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Figure 9. (a) State index and (b) total storage with and without drought management strategies.

The system state index benefits from applying the drought management strategies defined in

the state index subsystem. Thanks to them, the system state does not drop into an emergency state

during the 2005–2008 drought. It also recovers earlier from the alert state during that drought, and

it enters the prealert stage months before than the scenario with no drought management measures.
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After the system enters a normal state, it is worth pointing out that the state index is higher for the

drought managed model, even when the drought is over (from 2010 onwards). According to the

model, water storage in reservoirs is increased significantly when drought management measures

are applied. The difference is up to almost 100 Mm3 during October 2008. This is the result of the

management strategies taken in anticipation thanks to the state index and the four threshold levels

defined. The anticipated management also allows to reduce the system vulnerability by 62% in

comparison with the scenario without drought management and considering vulnerability as the

ratio between total water supply deficit and the number of failures to meet the demands during the

whole period. A reduction in vulnerability means that the average water shortage is lower, although

the frequency of these shortages may increase. These drought management measures entail the use

of drought emergency wells for water abstraction within a maximum of 98 Mm3/year (Figure 10)

following the plan defined by the water authority [14,52].
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Water pumping from drought emergency wells located in the lower basin compensates the

reduced surface water supply and alleviate the drought impact on agriculture. These groundwater

abstractions are activated when the system falls into the alert state, and water abstraction scale up

above 8 Mm3/month if the emergency state is reached (Figure 10).

3.3. Economic Impact of Droughts

Results show that the total reservoir storage of the basin improves when drought management

measures are applied. It is to expect that the gained storage will benefit the early recovery of the system

allowing for more regular deliveries to agricultural demands. Indeed, it is possible to calculate the

economic losses associated with the mismanagement of droughts for the 2003–2009 period (Figure 11).

Economic losses were calculated by economically characterizing the monthly demands of the

system defined as targets [47] using demand curves or functions obtained by Positive Mathematical

Programming (PMP) [54] for the different agricultural demands [55]. Benefits were obtained as the

integration of the demand function between zero and the level of supply. It can be observed (Figure 11)

that economic losses concentrate on the drought period (2005–2008), particularly when the system state

index stays in alert for several months (2006–2008). During the irrigation season in drought periods is

when economic losses rise due to water scarcity. The fact that, as defined by the drought management

strategies subsystem, in alert and emergency states the water supply for agriculture is reduced by up

to 40% its original demand could be thought of as detrimental for agricultural interests. However,

according to the simulations, the water saved helps a faster recovery of the system, guarantees urban

water supply, and reduces the long-term impact of droughts. In the model, the economic impact of the
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2005–2008 drought was reduced from 89 M€ to 29 M€ thanks to the drought management strategies

implemented. Due to conjunctive use of superficial and groundwater, agricultural activities suffer

lower impact even considering the significant restrictions they suffer during the alert and emergency

states. When the amount of available water is scarce, using groundwater to supply crops under deficit

irrigation guarantees the survival of the plantations and minimizes economic losses.
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4. Conclusions

This paper presents a system dynamics DSS for drought management of the Jucar River system,

taking into account the combination of a state index and several drought management strategies.

The resulting DSS showed the potential of system dynamics for simulating the management of

multi-reservoir systems, integrating monthly-defined operating rules for the reservoirs, stream-aquifer

interaction, conflicting water demands, and drought management strategies. The model adequately

reproduces the operation of the system and is able to produce accurate quantitative results, as shown

by the comparison with the historical records.

The DSS takes advantage of the holistic concept that drives the methodology and incorporates

components from different disciplines (hydrology, economics, social sciences, laws, etc.) into its

modular structure. The state index subsystem is an example of how it is possible to integrate policies

and management strategies into a water resource model using a system dynamics approach. Likewise,

water policy or legislation has been incorporated into the model—e.g., the Alarcon agreement.

The DSS opens up the possibility of analyzing different drought management strategies and

assessing the interactions, feedbacks, and impacts within and between multiple sectors and variables.

Results showed that drought management strategies have a net positive effect in the Jucar River

system from both the economic (agriculture) and the water management perspective. The defined

measures lowered agricultural losses for the 2005–2008 drought period and increased the amount of

stored water during drought allowing the faster recovery of the system. Although the model provides

quantitative results similar to the historical data available, the main goal of a system dynamics model

is neither to forecast nor to optimize, but studying patterns, trends, and interactions between different

variables of the model [24]. Modeling and dynamically simulating the change in water resources over

time provides a scientifically defensible basis for proactive management strategies, enhancing our

prospects to maximize the adaptive capacity of the system as a whole [29].
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Moreover, the same methodology used to study drought management strategies can be applied to

study the impact of different realities and inputs into the system. The DSS model developed for the

Jucar River system uses a quantitative approach for its simulation. Consequently, it requires numeric

data and well-tuned equations to capture the behavior of the system in detail. Qualitative variables

and inputs can also be implemented in this kind of model. Qualitative modeling often introduces “soft”

variables to study the general patterns of behavior of the model, rather than precise numbers [56].

In this case, qualitative modeling can be restricted to new subsystems for the testing of different

non-easily quantifiable hypothesis.

The model herein presented was successfully developed for the Jucar case study and it could be

replicated in any basin or system where enough information and data are available. The development

of quantitative system dynamics models requires the use of a large volume of data coming from

different fields (from hydrological to economic and reservoir data) as well as a deep understanding

of the system structure and behavior. Very often, the most complex issue of this type of model is the

development of the monthly operating rules for the reservoirs. In this case, the final rules were inferred

using fuzzy logic, but additional tests showed that it is possible to simulate the operation of the system

using other approaches and calibrating the rules with the historical records for the releases and water

storage of the reservoirs. Although the model is able to reproduce the stream aquifer interaction

between the Jucar River and the Mancha Oriental aquifer, it simulates neither groundwater heads nor

aquifer storage. Groundwater head specifically is a determinant factor for the Mancha Oriental aquifer,

as it has suffered continuous drops in groundwater levels due to intense pumping since the early

1970s. To assess the effect of drought policies on groundwater levels, it would be necessary to apply a

detailed groundwater model, such as finite-difference model, coupling it with the system dynamics

model either through scripting, wrapping, or spreadsheet coupling [57].

The model developed using system dynamics for the Jucar River system has the potential to grow

and increase its scope by integrating new dynamics that can modify the behavior of the whole system.

Future lines of work include linking the agricultural demand subsystem and a land-use subsystem,

which would allow for introducing changes in agricultural land use based on economic benefit from

previous years and on changes in land-use policies. System dynamics provides an excellent framework

to study trade-offs that land use changes can introduce in specific sectors and communities [58].

Furthermore, it is already possible to activate population growths or losses over time to study how

changes in urban demand can affect the system. These functionalities are required to test the effect

of different climate change narratives within the next decades, which is also a future line of research

to explore.
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Figure A1. Residual plots of the variables presented in Figure 8.

The residuals for the variables of Alarcon & Contreras releases, Tous releases, and water supply

deficit show a lack of general pattern and are distributed pretty symmetrically around the 0 line.

Total storage, however, shows a pattern that was already observed in Figure 8: the model tends to

store more water at the beginning of the decade and during the drought period, and it storages less

water towards the late period. Several reasons have been given to explain this pattern. As most

water resource management models, stationary conditions have been assumed for water demand and

reservoir operation during the whole period. However, in reality, water demand and the operation

of the reservoirs was changing during the 10-year period. There is not available data to correctly

represent the variation of all the water demands, but we know that the demand at the beginning of the

decade was greater than during the last years, due to changes in regulation and the improvement of

control. We have assumed an average water demand based on the available data. This may explain in

part why the model has more water than the observed at the beginning (in reality, the water demand

was greater than the introduced) and less at the end (the water demand introduced is greater in the

model). The same trend can be observed in Figure A2. Regarding the impact of the operating rules

in the results, the rules are based on interviews and analysis performed in collaboration with the

decision-makers [42] and are, in some regard, influenced by the knowledge gained during the decade

simulated in our model. In reality the logic behind the operation of the reservoirs was evolving and

changing during the whole period.
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Abstract: The aim of this study is to contribute to solving conflicts that arise in the operation of

multipurpose reservoirs when determining maximum conservation levels (MCLs). The specification

of MCLs in reservoirs that are operated for water supply and flood control may imply a reduction in

the volume of water supplied with a pre-defined reliability in the system. The procedure presented in

this study consists of the joint optimization of the reservoir yield with a specific reliability subject

to constraints imposed by hydrological dam safety and downstream river safety. We analyzed two

different scenarios by considering constant or variable initial reservoir level prior to extreme flood

events. In order to achieve the global optimum configuration of MCLs for each season, we propose

the joint optimization of three variables: minimize the maximum reservoir level (return period of

1000 years), minimize the maximum released outflow (return period of 500 years) and maximize the

reservoir yield with 90% reliability. We applied the methodology to Riaño Dam, jointly operated for

irrigation and flood control. Improvements in the maximum reservoir yield (with 90% reliability)

increased up to 10.1% with respect to the currently supplied annual demand (545 hm3) for the same

level of dam and downstream hydrological safety. The improvement could increase up to 26.8%

when compared to deterministic procedures. Moreover, dam stakeholders can select from a set

of Pareto-optimal configurations depending on if their main emphasis is to maintain/increase the

hydrological safety, or rather to maintain/increase the reservoir yield.

Keywords: hydrological dam safety; initial reservoir level; maximum conservation level; water

conservation volume; flood control volume; yield reliability; regular operation; stochastic methodology

1. Introduction

Owing to increasingly risk-averse societies, stronger hydrological safety requirements are being

imposed on existing dams in order to fulfil new regulations and prevent dam failures [1]. This problem

can be addressed with two different kinds of technical solutions: hard solutions, as the alteration of

dam spillways or elevation of dam crest and soft solutions, as the allocation of additional flood control

volumes in the reservoir. Hard solutions increase the flood control capacity while maintaining the

reservoir storage available for water supply. However, their main drawback is the need to allocate

resources for infrastructure works. On the other hand, the implementation of soft solutions is easier

and quicker, but can reduce the available volume to supply water with a specific reliability in a

water system.

Allocation of flood control volume is addressed by defining a maximum conservation level (MCL),

also known as flood-limited water level [2] or flood control level. MCL is the maximum operating level
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that the reservoir is allowed to reach under regular operation conditions. This reservoir level is below

or equal to the maximum normal operating level (MNL) and can vary along the seasons of the year.

MCL is the most significant parameter in the trade-off established between flood control and

water supply when increasing flood control volumes by soft solutions [3]. Traditionally, practitioners

defining MCL only focused on hydrological dam and downstream safety. They frequently neglected

other purposes of the reservoir, such as water supply and the economic consequences derived from

loss of water yield reliability [4].

Some authors [3,5,6] have focused on accounting simultaneously for both regular (associated

to water supply purposes of the reservoir) and flood control dam operations when defining MCLs.

These studies analyzed hydrological dam safety by applying deterministic procedures, in which the

return period associated to dam and downstream safety is assumed to be equal to the one associated

to the flood event. Several authors [7,8] pointed out that hydrological dam safety and downstream

safety should be assessed by analyzing the return periods of the maximum reservoir water levels and

maximum outflows respectively.

Another relevant factor is that practitioners usually define MCLs assuming that the reservoir is at

the maximum level under normal operating conditions prior to flood arrival [9–11]. This hypothesis

results in conservative hydrological safety assessments. However, it can reduce the volume of water

available to satisfy the demands of the water supply system because it influences the definition of MCLs.

Accounting for the variability of the initial reservoir level in a hydrological dam and its downstream

safety leads to more realistic results [8,12–14], which consequently can improve the definition of MCLs.

Within this study, we propose a stochastic methodology to determine seasonal MCLs. The methodology

combines three main innovative aspects:

• Stochastic assessment of hydrological dam and downstream river safety through return periods

related to maximum reservoir levels and maximum outflows.

• Determination of MCLs that increase/maintain the water yield for a specific reliability while

maintaining/improving hydrologic dam safety.

Determination of MCLs accounting for the variability of initial reservoir level prior to flood

events.The methodology is illustrated through its application to a gated spillway dam located in Spain.

2. Materials and Methods

Maximum conservation levels represent the linking variable between flood control operation and

water conservation operation of the reservoir (Figure 1).

•

•

 

Figure 1. Conceptual scheme representing the role of maximum conservation levels (MCLs).

COD represents the level of the crest of dam, DFL the design flood level, MNL the maximum

normal operating level, and Zo the reservoir level prior to the flood event. Volume above MCL

corresponds to the flood control operation volume and below MCL corresponds to the water conservation

operation volume.
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We propose a stochastic methodology to obtain the optimal set of seasonal MCLs accounting for

both hydrological safety (dam and downstream) and water supply with a specific reliability. Figure 2

shows a scheme relating the main elements and procedures developed and applied in the methodology.
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Figure 2. Scheme of the methodology proposed.

2.1. Study Set of Seasonal Maximum Conservation Levels

We defined a study set of seasonal MCLs representative of all possible configurations. The number

of possible configurations of MCLs varies according to the number of seasons identified (n) and the

number of possible maximum conservation levels selected (k) for a proper discretization. As the season

of the MCLs matters (it is not the same to have the same MCL in one season or another), the number of

possible configurations is kn. The number of seasons is defined as described in Section 2.2.1.

2.2. Reservoir Operation Simulations

For each configuration of seasonal MCLs of the study set, we carried out two different

reservoir operation simulations: simulation of flood control operation and simulation of water

conservation operation.

2.2.1. Simulation of Flood Control Operation

Gabriel-Martin et al. [13] presented a stochastic methodology that enabled us to obtain stochastic

inflow hydrographs representative of the observed daily annual floods (Figure 3). The main steps used

to generate the inflow hydrographs were as follows:

• Generation of 100,000 pairs of flood duration (D) with their associated maximum annual flood

volume (V). Pairs of 100,000 flood event durations were generated following the empirical

probability distribution of historical floods. For each element of the 100,000 generated durations,

the corresponding hydrograph volume was obtained following the probability distribution of the

associated duration within a Monte Carlo framework.

• Generation of 100,000 values of cumulated precipitation depth. The value of the cumulated net

precipitation was obtained by dividing the volume of each hydrograph by the area of the study
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basin. By applying the curve number method inversely [15] to the cumulated net precipitation,

the value of the cumulated precipitation depth was obtained (Figure 3a)

• Temporal distribution of the 100,000 cumulated precipitation depth values. Each cumulated

rainfall depth was distributed temporally by applying an autoregressive moving average (ARMA)

(2,2) model [10]. Thus, 100,000 hourly hyetographs were obtained (Figure 3b).

• Generation of 100,000 hourly-distributed hydrographs. By applying the curve number

method [15] and the soil conservation service dimensionless unit hydrograph procedure [15],

100,000 hydrographs were generated, which followed the empirical probability distributions of

volume and duration (Figure 3b).

•

•

•

Figure 3. The procedure to generate the ensemble of inflow hydrographs (a,b) and its seasonal 
Figure 3. The procedure to generate the ensemble of inflow hydrographs (a,b) and its seasonal

characterization (c). D represents the flood durations, whereas V represents the maximum annual flood.

S1, S2, and S3 represent the different seasons.

A detailed description of the method to generate representative hydrographs can be found in

Gabriel-Martin et al. [13]. Each hydrograph was associated to one of the seasons defined (Figure 3c).

We identified the distinct seasons by applying a graphical test to the observed daily inflows proposed

by Ouarda [16] and Ouarda et al. [17]. This test was based on a peak-over-threshold (POT) analysis.

In order to identify the seasons, Ouarda et al. [17] tested different threshold values while assuring

independence between the selected POT. We applied the criteria recommended by Lang et al. [18] to

define the range of threshold values to be considered and the criteria proposed by the Water Resources

Council [19] to assure the independence between two consecutive floods. We plotted the cumulative

empirical probability of POT during the year against the time of the year for each threshold value

tested. The slope changes within the plot indicated the significant seasons. A detailed description of

the method to identify the seasons can be found in Gabriel-Martin et al. [20] and is summarized in

Figure 3c.

For each configuration of MCLs, we obtained the maximum water level in the reservoir

corresponding to a return period of 1000 years (MWRLTR=1000y) and the maximum outflow

corresponding to a return period of 500 years (MOTR=500y). These values correspond to the set

of 100,000 seasonal maximum annual inflow hydrographs generated by Gabriel-Martin et al. [13,20].
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The analysis was carried out in two different scenarios of the initial reservoir level prior to the flood

event (Zo) (Figure 2):

• Scenario 1 (Sc.1): Zo is constant and corresponds to the seasonal MCL. The reservoir is assumed

to be at its maximum operating level when the maximum annual flood occurs.

• Scenario 2 (Sc.2): Zo is variable, and the reservoir can be at any level when the maximum

annual flood occurs. Zo is randomly sampled from the cumulative probability distribution of Zo

associated to the season of occurrence of the maximum annual flood event. This distribution is

obtained from the simulation of the water conservation operation of the reservoir (Section 2.2.2).

The operation of the dam gates was simulated by applying the volumetric evaluation method

(VEM), fully described in Giron [21] and Sordo-Ward et al. [11,22].

2.2.2. Simulation of Water Conservation Operation

We considered the yield reliability (YR) as the ratio of total volume supplied and the total volume

demanded [23–26] during the period analyzed. For each configuration of MCLs (k), we obtained the

reservoir yield with a reliability of 90% (YR = 90%) and the cumulative probability distribution of Zo, by

developing a monthly water balance model. Reservoir storage is large compared to monthly inflows,

and thus the monthly time scale is appropriate. The model manages the dam as an isolated element

and applies rules of operation validated in Gabriel-Martin et al. [13]. The water balance considers

time series of monthly inflows, environmental flow restrictions, evaporation rates, monthly demand

distribution, storage–area–height reservoir curves, and dead storage volume (data extracted from

“Duero National Water Master Plan” [27]). The main purpose of the reservoir is irrigation and therefore

we adopted a required yield reliability of 90% (YR = 90%,) which is adequate for irrigation demands in

the region [28].

To identify the maximum amount of water that can be supplied to satisfy a regular demand with

a specified reliability, a bipartition method was applied. Excessive values of demands were set (for

example, similar to mean monthly runoff) and the simulation was carried out. The deficits were obtained

and specified yield reliability requirements were checked. If the specified reliability requirements

were not fulfilled, the demand was reduced by half and simulated again. If the specified reliability

requirements were satisfied, half of the difference was added and simulated again and so on, until the

deficit (or gain) was smaller than a pre-set tolerance (e.g., 0.1 hm3/year). In addition, we simulated

the operation of the reservoir with the associated mean annual current demand. We repeated the

procedure for both Sc.1 and Sc.2 scenarios.

2.3. Results Analysis and Solutions Proposal

In order to propose the optimal configurations of MCLs within the case study, as exposed,

we selected three main decision variables: MWRLTR = 1000y, MOTR = 500y, and YR = 90%. We assumed

that the MCLs configuration would not fulfil the standards if MWRLTR=1000y was above the design

flood level (DFL) and/or MOTR = 500y was greater than the emergency flow (OEMER). We compared

MWRLTR=1000y, MOTR = 500y, and YR = 90% for all the configurations in the study set of MCLs by

identifying configurations that are non-inferior solutions (Pareto framework) in terms of maximum

volume of water supplied (with a specific yield reliability of 90%) and hydrological safety.

Determination of Possible MCLs by Applying a Pareto Analysis

The selected variables for conducting the Pareto analysis were MOTR = 500y and YR = 90% (Figure 4).

In this study, we assumed that higher levels in the reservoir (and above MNL) imply greater outflows.

This assumption is always fulfilled either for dams with fixed crest spillways or if the VEM is applied

in gated spillways (as in this study). It should be noted that this assumption may not hold for all

possible specific characteristics of dams, all rules of operation adopted, or all specific values adopted

for the hydrological dam and downstream safety. Moreover, in this study, the outflow corresponding
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to the DFL condition is higher than that corresponding to OEMER, that is, the MOTR = 500y is the most

restrictive variable. Therefore, for each scenario (Sc.1 or Sc.2), we had a set of kn MCLs configurations

with kn pairs of values MOTR = 500y and YR = 90%. The purpose was to obtain the configurations of

MCLs that minimize the value of MOTR = 500y while maximizing YR = 90%, which implies a two-objective

minimization problem (Equation (1)):

Min{f1(xi), f2(xi)}, (1)

in which xi = [MCLS1, MCLS2, . . . , MCLSn], f1(xi) = [MOTR=500yi] and f2(xi) = [–YR=90%i]; being

i = 1,2 . . . , kn. The solution of Equation (1) consisted of a set of non-dominated solutions. Therefore,

following the procedure proposed in Chong and Zak [29] we conducted the mentioned analysis.

Once the non-dominated solutions were identified for Sc.1 and Sc.2, we eliminated from both scenarios

those that did not fulfil the hydrological safety regulation standards (both for MWRLTR = 1000y and/or

MOTR = 500y) and those providing a YR = 90% lower than the annual demand that is currently satisfied.

Afterwards, we compared the proposed solutions, providing dam stakeholders with a set of possible

configurations depending on whether their main objective was to increase hydrological dam and

downstream river safety or increase the water supply with a specific reliability within the system.

 
Figure 4. Scheme of the procedure for solutions proposal.

2.4. Case Study

We applied the methodology to Riaño Dam (Table 1). It belongs to the Esla basin water resources

system, which is managed by the Duero River Basin Authority (west region of mainland Spain).

The main purpose of the reservoir is irrigation. The mean monthly water demands for irrigation/urban

water supply are as follows (in hm3): April 10.9/0.08, May 54.5/0.08, June 81.7/0.08, July 158/0.16,

August 147.1/0.16, and September 92.6/0.16. From October to March, the demands were 0/0.08 hm3.

The capacity of the reservoir is 651 hm3 at MNL (the maximum reservoir level that water might

reach under normal operating conditions) [30], with a bottom dead storage of 78 hm3. The main

characteristics of the Riaño Reservoir and its basin are summarized in Table 1.
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Table 1. Main characteristics of the Riaño basin, dam, and reservoir.

Basin Features Value Dam Features Value

Basin area 582 km2 Maximum normal level (MNL) 1100.1 m
Concentration time 11 h Design flood level (DFL) 1101.1 m

Mean annual Runoff 680 hm3 Crest of dam (COD) 1102.5 m

Annual Current Demand (Da) 545 hm3 Gated spillway capacity at MNL 621 m3/s
Emergency downstream flow (OEMER) 700 m3/s Auxiliary spillway capacity at DFL 98.7 m3/s

Riaño Dam has two spillways. The main spillway is controlled by two tainter gates, each eight

meters wide and seven meters high. There is a second spillway for emergency purposes. It is a

fixed-crest spillway with the crest located at the MNL. Riaño Dam also has two bottom and two

intermediate outlets, which we assumed were closed during the floods. Flood damage analyses

summarized in the Dam Master Plan concluded that discharges above 700 m3/s (OEMER) could produce

damage over urban settlements with more than five inhabitants and infrastructures in the downstream

reach. The following data were used to perform the study:

• Simulation of flood control operation. Besides the flood control structures and dam configuration

shown, we used 30 years of unaltered daily flow series data from a gauge located right downstream

the Riaño reservoir (from the years 1954 to 1984 and prior to the existence of the dam). With this

time series, the 100,000 seasonal synthetic flood hydrographs were generated.

• Simulation of water conservation operation. We used a monthly time series of naturalized

inflows from 1940 to 2013, environmental flow restrictions, evaporation rates, monthly demand

distribution, storage–area–height reservoir curves and dead storage volume (all data obtained from

the Duero River Basin Management Plan [27]) and the reservoir characteristics previously stated.

2.5. Limitations of the Methodology

We applied this methodology to one basin and dam configuration. This might limit the

generalization of the results obtained. Furthermore, the water resources management model focused

on the regular operation of the dam as an isolated element. This methodology could be extended to

take into consideration the interaction with other infrastructures within the system, using suitable

water resources management models (e.g., AQUATOOL [31] and WEAP [32]).

3. Results and Discussion

3.1. Determination of the Study Set of MCLs to be Analyzed

We studied a set of MCLs that ranged from 651 hm3 (volume at MNL) to 400 hm3. For the sake

of simplicity, we estimated the flood hydrograph volume of Tr = 5000 years (247 hm3) and defined a

maximum flood control volume of 251 hm3. We discretized the ranges of reservoir volumes in intervals

of 5 hm3. Thus, we defined a set of k = 51 possible MCLs per season (associated to a volume in the

reservoir of 400, 405, . . . , 645, 651 hm3).

According to Gabriel-Martin et al. [20], three characteristic seasons (regarding maximum annual

floods) were identified for the location of Riaño: season 1 (S1) from the beginning of November to

the end of January; season 2 (S2) from the beginning February to the end of April; and season 3

(S3) from the beginning of May to the end of October. Therefore, as n = 3 seasons, we had a set of

513 = 132,651 configurations of MCLs per scenario analyzed (Sc.1 and Sc.2.)

3.2. Simulation of the Water Conservation and Flood Operation of the Dam

Once the configurations of MCLs were defined, for each configuration we obtained the values of

MWRLTR = 1000y and MOTR = 500y by simulating the flood operation of the reservoir for Sc.1 and Sc.2.
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By simulating the water conservation operation of the reservoir, we obtained YR = 90%. Figure 5 shows

the values of MWRLTR = 1000y, MOTR = 500y, and YR = 90% with respect to the MCLs of each season.

Figure 5. Representations of the 132,651 values of MWRLTR = 1000y, MOTR = 500y, and YR = 90% for each of

the seasons (S1, S2, and S3). MCLS1, MCLS2, and MCLS3 represent the maximum conservation levels in

S1, S2, and S3 respectively. (a) Representation of the values YR=90%, with a color bar, which are the same

in Sc.1 (initial reservoir level equal to MCL) and Sc.2 (variable initial reservoir level). (b,c) Representation

of the values MWRLTR=1000y with a color bar in Sc.1 (b) and Sc.2 (c). (d,e) Representation of the values

MOTR = 500y with a color bar in Sc.1 (d) and Sc.2 (e).

Figure 5a shows that variation of MCLs in S1 did not affect YR=90%. This is because the water

demands associated with the reservoir in S1 were less than 1% of the annual demand (Da), and, as the

irrigation season in the Riaño system extends from May to September (98% of Da), the reservoir was

able to recover the reduced volume in S1 within the months previous to irrigation (February, March,

and April). Figure 5b,d shows that, for the case of Sc.1, the effects of MCLs were similar in the three

seasons in terms of hydrological dam safety (Figure 5b) and downstream river safety (Figure 5d).

However, in Sc.2 (Figure 5c,e), as regular operation was linked to the flood control operation by
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the initial reservoir level, MCLs in S1 and S3 did not affect either the hydrological dam safety or

downstream river safety. Variations of MCLS2 are the main affection to values MWRLTR = 1000y and

MOTR = 500y in Figure 5c,e, respectively.

3.3. Solutions Proposal

First, we identified the configurations which did not fulfil hydrological dam safety

(MWRLTR = 1000y > DFL) and/or downstream safety (MOTR = 500y > OEMER.) in both scenarios. A total

of 826 configurations (0.6% of 132,651 configurations) had a value of MWRLTR = 1000y higher than DFL

in Sc.1 (red dots in Figure 6a), while none of the configurations had MWRLTR = 1000y values higher

than the DFL in Sc.2 (Figure 6c). It should be noted that the 826 configurations that did not fulfil

hydrological dam safety in Sc.1 also did not fulfil the downstream safety condition. On the other hand,

59,013 configurations (44.5% of the total number of configurations) had a value of MOTR = 500y higher

than OEMER. in Sc.1, whereas 4944 (3.7%) in Sc.2 (Figure 6a,c) shows the pair of values YR = 90% and

MOTR = 500y (grey points) for each analyzed configuration in Sc.1 and Sc.2, respectively.

≥ Da, MO ≤ O ≤

Figure 6. (a,c) Grey dots represent pair of values YR = 90% and MOTR = 500y for Sc. 1 and Sc.2, respectively.

Red dots (a) represent the configurations in which MWRLTR = 1000y > DFL. Magenta dots indicate the

pareto front. Cyan dots represent the proposed solutions. The black dot represents the solution that

maximizes the water volume supplied with a reliability of 90% and MOTR = 500y = OEMER. The blue

dot represents the solution that minimizes the maximum outflow released (being YR = 90% = Da).

(b,d) MCLs for each month/season which corresponds to the proposed solutions previously selected

(blue and black lines correspond to blue and black dots in (a) and (c)), for Sc.1 and Sc.2, respectively.

The red dashed line represents the maximum normal level (MNL), the red dashed–dotted line represents

the design flood level (DFL), and the red continuous line represents the crest of dam (COD).

In Sc.1, the Pareto-solutions consisted of 277 configurations (Figure 6a, magenta points). One those,

98 configurations satisfied the following: YR = 90% ≥ Da, MOTR = 500y ≤ OEMER, and MWRLTR = 1000y

≤ DFL (proposed solutions, cyan in Figure 6a). For the same analysis in Sc.2, we identified

247 configurations (magenta points in Figure 6c) and 135 (cyan points in Figure 6c), respectively.

For both scenarios, the extreme proposed solutions were identified. On one hand, in the case of

MOTR = 500y = OEMER = 700 m3/s (Figure 6a,c, black point), YR = 90% = 587 hm3 (for Sc.1) and 600 hm3
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(for Sc.2) representing an improvement (compared to Da) of 7.7% and 10.1%, respectively. On the other

hand, in the case of YR = 90% = Da = 545 hm3 (Figure 6a,c, dark blue point), MOTR = 500y = 452 m3/s (for

Sc.1) and 366 m3/s (for Sc.2) representing a 64.2% and 52.3% of OEMER, respectively. It is important

to point out that, in the case of using a deterministic procedure focused on hydrological dam and

downstream safety (conventional procedure), any studied configuration of MCLs could be a potential

solution (grey dots within Figure 6a,c). Thus, if MOTR = 500y =OEMER, the proposed stochastic procedure

presented improvements of up to 146 hm3 (26.8% of Da) compared to the worst regular operation

configuration (YR = 90% = 454 hm3 in Sc.1, Figure 6a). The corresponding configurations of MCLs for

the extreme proposed solutions are represented in Figure 6b (Sc.1) and Figure 6d (Sc.2) with the same

color scheme as in Figure 6a,c, respectively. In both scenarios, the highest MCLs were associated with

S3, while the lowest was associated with S1.

3.4. Comparison between the Proposed Configurations in the Two Scenarios

We compared the limit proposed solutions in both scenarios (Sc.1 and Sc.2; Figure 7). In the case

of MOTR = 500y = OEMER = 700 m3/s, MWRLTR = 1000y was 1100.6 m.a.s.l. The hydrological dam and

downstream river safety were invariant for Sc.1 and Sc.2. However, higher MCLs were obtained for

Sc.2, which increased the YR = 90% of the system. In the case of YR = 90% = Da = 545 hm3, the differences

between Sc.2 and Sc.1 for MWRLTR = 1000y and MOTR = 500y were 0.2 m.a.s.l and 86 m3/s, respectively.

Moreover, the MCL of season two were lower when the variable initial reservoir level was considered.

This is because of the increase of MCLs in the other seasons. Despite this, the demand supplied with

a reliability of 90% was the same, accounting for lower values of MWRLTR=1000y and MOTR = 500y if

variable initial level was considered.

Figure 7. Spider plot comparing the value of the maximum conservation levels for different seasons

(MCLsx), MWRLTR = 1000y, MOTR = 500y, and YR = 90%. In black, solutions that maximize the volume

supplied with MOTR = 500y = OEMER. In blue, the solutions that supply the current annual demand

minimize the maximum outflow released. The continuous line corresponds to Sc.1 and the dashed line

to Sc.2.

Within the framework of the present study, accounting for the variability of initial reservoir level

implied a reduction of flood control volumes (increase of MCLs) maintaining the risk of overtopping and

downstream river safety. Consequently, the volume for satisfying the demands increased, providing a

more reliable system in terms of regular operation.
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4. Conclusions

The main conclusions extracted from this study are as follow:

• The use of a stochastic methodology allowed us to assess hydrological dam safety and downstream

safety by obtaining the frequency curves of outflow and maximum reservoir water levels, while

accounting for the variability in hydrological loads with respect to deterministic procedures. As a

drawback, it implied a more complex procedure and computational effort.

• We proposed a set of 98 non-inferior solutions while considering the initial reservoir level equal

to the MCL for each season and 135 possible configurations while considering variable initial

reservoir level. From the proposed configurations, dam stakeholders are able to decide which

configuration to use depending on whether their preference is to increase dam and downstream

hydrological safety or to increase water supply (with a specific reliability) in the water resources

system. In the Riaño case study, the presented procedure showed improvements in the regular

operation that satisfied an increase of up to 10.1% of the current annual demand of 545 hm3 (with

a reliability of 90%) while maintaining the same level of hydrological dam safety.

• Accounting for initial reservoir variability resulted in the possibility of supplying an extra demand

of 13 hm3 (2.4% of the current annual demand) compared to the optimal solution without

accounting for initial reservoir level variability.

• The proposed stochastic procedure can improve the results obtained by deterministic procedures,

increasing supply up to 26.8% of the current annual demand, from the worst regular operation

configuration (not accounting for initial reservoir level variability) to the optimal configuration

(accounting for initial reservoir level variability) of MCLs.
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Abstract: The computational tool InSTHAn (indicators of short-term hydrological alteration)

was developed to summarize data on subdaily stream flows or water levels into manageable,

comprehensive and ecologically meaningful metrics, and to qualify and quantify their deviation from

unaltered states. The pronunciation of the acronym refers to the recording interval of input data

(i.e., instant). We compared InSTHAn with the tool COSH-Tool in a characterization of the subdaily

flow variability of the Colorado River downstream from the Glen Canyon dam, and in an evaluation

of the effects of the dam on this variability. Both tools captured the hydropeaking caused by a dam

operation, but only InSTHAn quantified the alteration of key flow attributes, highlighting significant

increases in the range of within-day flow variations and in their rates of change. This information is

vital to evaluate the potential ecological consequences of the hydrological alteration, and whether

they may be irreversible, making InSTHAn a key tool for river flow management.

Keywords: fluvial ecosystems; hydropeaking; InSTHAn tool; short-term flow regimes; subdaily flows;

sustainable river management

1. Introduction

Flow variables shape the dynamics of in-channel and floodplain conditions that determine fluvial

ecosystem structure and functioning [1,2]. Whereas the ecological role of monthly and annual flow

dynamics has been in focus for many years, less attention has been paid to flow variability within days [3].

Variation at such short time scales is altered by several human activities, such as land use and

urbanization, and water management practices such as flood control, agricultural withdrawals and

power generation [4,5]. Increasing instability of within-day flows and exacerbation of extreme flows

may likely affect water quality [6], fluvial landforms [7] and aquatic and riparian organisms that are

adapted to naturally less fluctuating conditions (review by Bejarano et al., 2018 [8]).

Subdaily flow regimes govern fish reproduction [9] by affecting egg viability and reproductive

capacity. They also affect their behavior [10] and performance [11] by offering shelter and food,

which affects their movements. Ultimately, subdaily flow regimes affect fish survival, by modulating

fish energy balance with implications for growth rates and risk of illness, or due to stranding and

drift [12]. Risk of desiccation [13] and catastrophic drift [14] of macroinvertebrates increases with more
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recurrent daily dry periods and peak flows. Highly fluctuating short-term flow regimes may also

increase propagule dispersal of aquatic and riparian plants, and interfere with germination, growth and

performance, thus likely hampering recruitment and increase mortality [15,16]. At the community

level, alterations of short-term flows may ultimately result in removal of intolerant species and invasion

by exotic species [17].

The rise of hydropower as a renewable energy source calls for a better understanding of the

ecological consequences of altered flow regimes and associated hydraulic parameters at short time scales.

Hydropeaking plants usually cause frequent and rapid fluctuations in flow and water level within

the day [18], and this variation is superimposed upon the seasonal changes in flow regimes resulting

from water storage in upstream reservoirs. The demand for hydropower is growing, especially in

Southeast Asia, Africa and Latin America [19]. In Europe, hydropower is promoted by legislation such

as the Renewable Energy Directive (RES; 82 2009/28/EC). Consequently, shifting flow regimes towards

preindustrial conditions in rivers affected by hydropeaking without significantly affecting hydropower

production is a challenge for river managers. To cope with this challenge, scientific studies focused on

the short-term variation of flow regimes are needed.

The restoration of preindustrial flow regimes requires metrics comprising of the full range of flow

components (i.e., magnitude, frequency, duration, timing and rise and fall rates; [1]) and temporal

variability (i.e., long- and short-term variations) is essential. Whereas studies of seasonal and annual

flow patterns have been common, analysis of short-term data have suffered from a lack of computational

tools. To the best of our knowledge, the first metrics accounting for short-term variability of flow

regimes appeared within the last two decades (e.g., [4]) and the most comprehensive approaches

date from 2014 onwards (Table 1). Unlike the recent advance in the definition of subdaily metrics,

computational tools supporting metric calculation have hardly been developed. The tools devised by

Hass et al. [20] and Sauterleute and Charmasson [21] (Table 1) are the only ones we are aware of to date,

and at the time of writing, the former tool was unavailable for use. This is unfortunate, because the

management of series of flows or water levels recorded at such a fine resolution is challenging.

Our main goal is to develop a tool for computational time series analysis that assists in a

comprehensive characterization of short-term stream flow and water level regimes and assesses the

alterations of such regimes and, thus, their derived potential environmental impacts. We also want

the tool to provide results through charts and graphs, which are easy to interpret by a wide range of

users. Additionally, in this article we also aim to validate the devised tool by applying it to a case

study. This manuscript will help to transmit the utility of the proposed tool to both the scientific and

professional audience.
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Table 1. Review of literature dealing with subdaily flows and water levels.

Reference
Time Interval between

Records
Characteristics of the Subdaily Metrics Characterization

Impact
Assessment

Tool

Archer and Newson 2002
[2]

15 min Metrics quantifying the frequency and duration of flow pulses per day Yes Yes No

Topping et al., 2000 [22] Several subdaily intervals Metrics quantifying the subdaily discharge variability Yes Yes No

White et al., 2005 [23] 1 h Wavelet analysis Yes Yes No

Meile et al. 2011 [24] Any subdaily interval
Metrics quantifying the magnitude (maximum and minimum) and variability
(ramping rate) of hourly flows per day

Yes No No

Zimmerman et al., 2010
[25]

1 h
Metrics quantifying magnitude (percentage of total flow), variation (coefficient of
diel variation and flashiness) and frequency (reversals) of hourly flows per day

Yes Yes No

Bevelhimer et al., 2015
[26]

1 h
Metrics quantifying the magnitude (maximum, minimum and amplitude),
variation (standard deviation, flashiness and maximum ramping rate) and
frequency (reversals, rise and fall counts) of hourly flows per day

Yes No No

Haas et al., 2014 [20] 1 h
Statistics and metrics quantifying the variation (coefficient of variation, flashiness,
rise and fall rates), magnitude (range), frequency and duration (path length) and
timing (season) of hourly flows and flow pulses per day

Yes No Yes

Sauterleute and
Charmasson 2014 [21]

Any subdaily interval

Metrics characterizing peaking events of subdaily flows or water levels through
the magnitude (maximum and minimum), variation (rise and fall rate), timing
(start time in the day), duration (duration between rapid increases or decreases)
and frequency (counts of peaking events)

Yes No Yes

Carolli et al., 2015 [27] 1 h
Metrics related to the flow magnitude (maximum and minimum) and variation (a
percentile of the discretized time derivative) of hourly flows per day

Yes Yes No

Chen et al., 2015 [28] 1 h

Metrics characterizing flow pulses per day by quantifying the magnitude (i.e.,
maximum and minimum), variation (i.e., maximum rise and fall rates), frequency
(i.e., different or certain magnitude counts) and duration (i.e., duration of
maximum and minimum)

Yes Yes No

Barbalić and Kuspilić 2015
[29]

1 h
Metrics quantifying the magnitude of hourly flows and associated water levels
during a day (i.e., maximum and minimum)

Yes Yes No

Greimel et al., 2016 [30] 15 min
Metrics quantifying the duration, number and flow rates (i.e., maximum, mean
and minimum) of flow events per day

Yes No No

Alonso et al., 2017 [31] 1 h
Graphical representation of commonly used metrics characterizing daily flow
patterns based on hourly flow records related to the magnitude (i.e., amplitude),
variation (i.e., fall rate) and frequency (i.e., reversals)

Yes Yes No

Bejarano et al., 2017 [32] 1 h

Metrics quantifying the magnitude (maximum, minimum and amplitude),
variation (rise and fall rates), frequency (rise, fall and stability, minimum and
maximum and reversals counts), duration (length of rise, fall and stability periods)
and timing (day) of hourly flows per day

Yes Yes No

Ashraf et al. 2018 [33] 1 h
Two metrics that quantify the high-frequency variations at a given time and
seasonal changes

Yes No No
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2. Materials and Methods

2.1. InSTHAn’s Development: Underlying Theory and Methods

We developed the new tool called InSTHAn: indicators of short-term hydrological alteration.

InSTHAn allows the user to (i) summarize multiple, long series of subdaily flow or stage data into a

manageable set of ecologically meaningful metrics (i.e., characterization), (ii) qualify and quantify the

deviation of each series from the unaltered state to assess the hydrological alteration and its potential

environmental impact and (iii) display both the short-term flow or stage pattern and its impact by

using tables and graphs. The name informs on its ultimate purpose and time scale of the target

regime. The pronunciation of the acronym refers to the required recording interval of the input data

(i.e., instant flow or water level measured or modeled records).

2.1.1. Characterization of Short-Term Regimes

The first step when analyzing a subdaily flow or water level dataset is to describe its distinctive

features. For this aim, the proposed tool computes a set of descriptors, here called short-term

characterization indicators (STCI; Table 2). STCI meets two requirements: it (i) captures representative

information on the magnitude, frequency, duration, timing and rates of change from the subdaily flow

or water level dataset and (ii) is assumed relevant for the biotic composition of aquatic, wetland and

riparian ecosystems [1,34].

Table 2. Short-term characterization indicators calculated in indicators of short-term hydrological

alteration (InSTHAn). # means “number of”.

STCI Name and
Abbreviation

Units Group STCI 366 × n (366 Values per “n” Years)

Total Rise Records (TRR) # records/day Frequency
Within-day total records characterized by the

rise in the variable

Total Fall Records (TFR) # records/day Frequency
Within-day total records characterized by the

fall in the variable

Total Stability Records (TSR) # records/day Frequency
Within-day total records characterized by the

stability in the variable

Total Change Records (TCR) # records/day Frequency
Within-day total records that are preceded

and followed by different
patterns in the variable

Total Reversals (TRev) # reversals/day Frequency
Within-day total times the hourly variable

rises and falls
Total Minimum Records

(TMinR)
# records/day Frequency

Within-day total records when the variable
equals that day’s minimum

Total Maximum Records
(TMaxR)

# records/day Frequency
Within-day total records when the variable

equals that day’s maximum
Total Mean Records

(TMeanR)
# records/day Frequency

Within-day total records when the variable
equals or exceeds that day´s mean

Total Rise Periods (TRP) # periods/day Frequency
Within-day total periods characterized by a

sustained over time rise in the variable

Total Fall Periods (TFP) # periods/day Frequency
Within-day total periods characterized by a

sustained over time fall in the variable

Total Stability Periods (TSP) # periods/day Frequency
Within-day total periods characterized by a
sustained over time stability in the variable

Total Stability Periods
characterized by the
Minimum (TMinSP)

# periods/day Frequency
Within-day total periods characterized by a

sustained over time that day´s stability
periods minimum

Total Stability Periods
characterized by the
Maximum (TMaxSP)

# periods/day Frequency
Within-day total periods characterized by a

sustained over time that day´s stability
periods maximum

Total Stability Periods
characterized by the Mean

(TMeanSP)
# periods/day Frequency

Within-day total periods characterized by a
sustained over time that day´s stability

periods mean
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Table 2. Cont.

STCI Name and
Abbreviation

Units Group STCI 366 × n (366 Values per “n” Years)

Duration Rise
Periods (DurRP)

# records/day Duration
Within-day average duration of the periods
characterized by a sustained over time rise

in the variable

Duration Fall Periods
(DurFP)

# records/day Duration
Within-day average duration of the periods
characterized by a sustained over time fall

in the variable

Duration Stability
Periods (DurSP)

# records/day Duration
Within-day average duration of the periods

characterized by a sustained over time
stability in the variable

Duration Stability
Periods characterized

by the Minimum
(DurMinSP)

# records/day Duration
Within-day average duration of the periods
characterized by a sustained over time that

day´s stability periods minimum

Duration Stability
Periods characterized

by the Maximum
(DurMaxSP)

# records/day Duration
Within-day average duration of the periods
characterized by a sustained over time that

day´s stability periods maximum

Duration Stability
Periods characterized

by the Mean
(DurMeanSP)

# records/day Duration
Within-day average duration of the periods
characterized by a sustained over time that

day´s stability periods mean

Mean (Mean)
unitless or

variable units
Magnitude Within-day average of the variable

Standard Deviation
(SD)

unitless or
variable units

Magnitude Within-day standard deviation of the variable

Minimum (Min)
unitless or

variable units
Magnitude Within-day minimum of the variable

Maximum (Max)
unitless or

variable units
Magnitude Within-day maximum of the variable

Amplitude (A)
unitless or

variable units
Magnitude

Difference between within-day maximum
and minimum of the variable

Minimum Stability
Period (MinSP)

unitless or
variable units

Magnitude
Within-day minimum of the periods

characterized by a sustained over time
stability in the variable

Maximum Stability
Period (MaxSP)

unitless or
variable units

Magnitude
Within-day maximum of the periods

characterized by a sustained over time
stability in the variable

Mean Stability Period
(MeanSP)

unitless or
variable units

Magnitude
Within-day mean of the periods characterized

by a sustained over time stability
in the variable

Rise Rate (RR) variable units/T Rate Within-day average rise rate of the variable
Fall Rate (FR) variable units/T Rate Within-day average fall rate of the variable

STCI was calculated based on an n-year long series of flows (Q) or water levels (L) recorded

or modeled at any subdaily time scale, e.g., every 15, 30, 60 or 120 min, T being the time interval

between records. Optionally, series of longer T can be derived from the original dataset upon

request. For the purpose of defining indicators, each daily hydrograph (or limnograph) is divided

into two characterization units: records (R; e.g., Q or L records; Figure 1) and periods (P). The number

of records (R) per day varies according to T, which can be the same as that of the series input

at least. Each record (R) of a series can be assigned one of the following patterns: (1) rise (RR),

when Q(T)−Q(T−1) > 0; (2) fall (FR), when Q(T)−Q(T−1) < 0; (3) stability (SR), when Q(T)−Q(T−1) = 0;

(4) change (CR), when Q(T−1) , the pattern in Q(T+1); (5) reversal (RR), when the pattern changes from

FR to RR or vice versa, without considering the stability; (6) minimum (MinR), when Q(T) = Q(min);

(7) maximum (MaxR), when Q(T) = Q(max) and (8) mean (MeanR), when Q(T) = Q(mean). The threshold

from which two consecutive records are considered different (or equal) may be set by the user. It could

be similarly applied to L. Where T is the user-defined subdaily time interval and min, max and mean

are the daily minimum, maximum and mean flows or water levels, respectively. Periods (P) denote
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within-day portions of time of a similar pattern among records (cf. above). There may be one to several

P per day, lasting up to 24 h, and which can be classified according to the characteristic short-term

pattern into periods of rise (RP), fall (FP), stability (SP), minimum (MinP), maximum (MaxP) and mean

(MeanP). STCI provides quantitative information on magnitudes, rates of change and frequencies

of R and P and on durations of P, from each day of the year (i.e., ith day of the year from 1 to 366).

That STCI has daily values also implies information on timing (i.e., intra-annual and inter-annual) of R

and P. STCI referred to R patterns is called record-based STCI, whereas STCI referred to P patterns is

named period-based STCI. For comparisons of several short-term regimes, the record-based STCI must

be calculated based on the same time interval between records (T of their R) for all series (Table 2).

 
 

 
 

daily flow or water level datasets. InSTHAn’s 

Figure 1. Patterns identified by InSTHAn (a,c; pre-dam) and COSH-Tool (b,d; post-dam) during five

days in June, 2007 (a,b) and 1949 (c,d), in a hydrograph built on hourly flows recorded in the Colorado

River reach downstream from the Glen Canyon dam. Dots represent the flow records, which are

colored or marked according to their pattern for InSTHAn or to identify peaking events for COSH-Tool.

The following figures were provided to COSH-Tool for peaking events identification: 4 and 96 as

inferior and superior percentiles of the rate of change, 120 min as the minimum duration for a peak,

0.2 as the magnitude threshold to merge peaks and 180 min as the minimum duration between two

consecutive peaks.

For several-year long series (n > 1; where jth denotes each year of the series from 1 to n),

each indicator is ultimately computed as each day average for the whole n years dataset, getting 366

values per indicator (Equation (1); Table 2). The frequency and duration indicators report records

a day of what it is being described by the indicator. Rate-related features report the rise or fall

rates of the variable in its units per the time interval (T) between records (R). The units of the STCI

magnitude-related indicators are the same of the selected variable (e.g., m3/s for flows or m for levels).

Furthermore, for the calculation of STCI describing magnitude-related features, the series is also

previously standardized by dividing between the mean flow or water level for the whole dataset.

Consequently, InSTHAn also provides unitless magnitude-related indicators, which is useful when
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comparing series from different rivers. The tool calculates values for a total of 30 STCI, from which 14

are related to frequencies, 6 to durations and 10 to magnitudes and rates of change (Table 2).

STCIday(i) =

j=n
∑

j=1
STCIday(i, j)

n
(1)

Equation (1): STCIday(i): short-term characterization indicator for the ith day from 1 to 366 of the

year;
∑ j=n

j=1
STCIday(i, j): sum of the short-term characterization indicator for the ith day from 1 to 366 of

the year jth of the several-year long dataset from 1 to n and n: total number of years of the dataset.

2.1.2. Assessment of Short-Term Hydrological Alteration and Environmental Impact

When assessing the impact of a perturbation we want to know whether the state of the

perturbed system differs significantly from what it would have been in the absence of perturbation

(natural onwards). Provided the difficulties in collecting direct ecological data both under perturbed

and natural conditions, the here proposed tool is based on the widespread qualitative understanding of

the ecological implications of the suite of hydrological indicators calculated by InSTHAn to derive the

potential environmental impact of the alteration of the short-term flow or water level regimes. That is,

the environmental impact is assumed in accordance with the degree and type of hydrological alteration,

an assumption also applied by Bejarano et al. [35]. For the assessment of the hydrological alteration

InSTHAn requires two datasets of subdaily flows or water levels to be compared, one representing the

perturbed regime and the other the natural regime. The latter may come from the same location as the

perturbed one as the preimpact period records or modeled records, or it may come from a comparable

river reach.

The impact assessment involves a one-by-one comparison of the whole suite of STCI (record- and

period-based STCI involving 366 values per indicator from each day of the averages for n years) from

the perturbed and corresponding natural subdaily flow or water level datasets. InSTHAn’s output is a

suite of short-term impact indicators (STII, record- and period-based STII) obtained through Equation

(2). Each impact indicator quantifies the deviation of the perturbed condition (per) from the natural

condition (nat) of the corresponding characterization indicator (Equation (2)). Log10 is applied to

the quotient to avoid excessively high values when the averages of certain indicators in the natural

conditions are very low (e.g., indicators related to flow rates of change). Impact indicators can take any

positive and negative value and are unitless. Comparisons are not restricted to perturbed and natural

series, but other comparisons between series may be made according to user needs.
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Equation (2): STIIday(i): short-term impact indicator for the ith day from 1 to 366 of the year;

sign(STCInat
day(i)

− STCI
per

day(i)
): sign function for the difference between the short-term characterization

indicators for the ith day from 1 to 366 of the year from the natural (nat) and perturbed (per) series;
∣

∣

∣

∣

STCInat
day(i)

− STCI
per

day(i)

∣

∣

∣

∣

: absolute value for the difference between the short-term characterization

indicators for the ith day from 1 to 366 of the year from the natural and perturbed series and
∑i=366

i=1 STCInat
day(i)

: sum of the short-term characterization indicator for the ith day from 1 to 366 of the

year from the natural (nat) series.
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2.2. InSTHAn’s Application and Validation

We were interested in (i) characterizing the short-term flow variability of the Colorado River (USA)

along the reach downstream from the Glen Canyon dam before and after its construction (i.e., 1966) and

(ii) evaluating the impacts of the dam on this short-term flow regime and, thus, subsequent expected

environmental impacts on the fluvial ecosystem. For this aim, and in order to verify InSTHAn’s correct

operation and demonstrate its advantages, we applied InSTHAn and the Computational Tool for

the Characterization of Rapid Fluctuations in Flow and Stage (Sauterleute and Charmasson, 2014;

COSH-Tool onwards), which was kindly provided by authors (v2016). We had two original flow

(m3/seg) data series (.xlsx files). The natural series corresponded to hourly flows measured between

1943 and 1951, whereas the perturbed series corresponded to every 15 min flow measured between 2003

and 2011, both at Lees Ferry (9,380,000 gauging station code; data from https://waterdata.usgs.gov/).

The former file was characterized by one column (flow) without a heading and five decimal places

measurements, and the latter was characterized by three columns (date, time, and flow) with their

respective headings and two decimal place measurements.

3. Results

3.1. InSTHAn’s Characteristics

InSTHAn has been developed in Matlab, and the code is created and executed based on a user’s

actions within the graphical user interface (GUI). This approach provides convenient access to the

most relevant code functions via buttons in the GUI, but translates each user action into executable

code that can be captured in a script. The distribution version of the tool is encapsulated into an

executable file that does not require a Matlab license for the end user. Moreover, implementing scripting

within the GUI enables immediate visualization of results via graph and table-based views of the data.

InSTHAn supports the commonly used .xlsx and .txt data files containing flow and/or water level

records in columns, measured at any subdaily time interval and provided in any consistent system of

units defined by the user. The results are generated into excel files with open code macros to help the user

to zoom into long series graphs. Finally, InSTHAn may be deployed on multiple platforms (Windows,

Linux and Macintosh), the installation and calculations require little disk space and computing power,

respectively, and graphics have satisfactory performance on commonly used processors. Specifically,

the required disk space is 27 Mb for computers with Matlab v2018, but 1.56 additional Gb corresponding

to the additional libraries distributed with the MCR_R2018a_win64_instaler.exe are necessary when

Matlab is not installed. Concerning the computational power, it took four minutes to complete an

impact analysis for the selected case study involving the management of records, in a i7, 20 Gb ram PC.

InSTHAn is organized into projects and analyses (Figure 2). A project consists of one to

several analyses (e.g., Project 1 and Analyses 1, 2 and 3 in Figure 2). Any calculation of a set of

indicators constitutes an analysis, being of two types: characterization analysis, aimed exclusively

at characterizing a short-term flow or water level regime (calculation of STCI), and impact analysis,

aimed at assessing the alteration of a short-term flow or water level regime (and thus inferring

the derived environmental impact; calculation of STII). A folder is generated where specified in

the computer to store the projects (“Project 1” directory; Figure 2) where data and all analyses run

within the same project are stored, either in an automatically generated folder for the data files

(“Excel” subdirectory), for the characterization analyses (“Characterization” subdirectory), or for the

impact analyses (“Impact” subdirectory; Figure 2).
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the projects (“Project 1” directory; Figure 2) where data and all analyses run 

(“Excel” subdirectory), for the haracterization analyses (“Characterization”
mpact analyses (“Impact” subdirectory; Figure 2). 

“Raw” data and “Imported” data), or on a preprocessed data series by 

“Pre processed” data). Thus, each 

Figure 2. General organization of InSTHAn.

Analyses were linked to short-term data series (Figure 2) characterized by a set of flow or water

level records measured (or modeled) at any subdaily time interval and from a specific time period,

which was used for the calculation of indicators. Indicators may be calculated on the entire imported

original data series (i.e., “Raw” data and “Imported” data), or on a preprocessed data series by changing

the analysis period or the time interval between records with InSTHAn (i.e., “Pre-processed” data).

Thus, each characterization analysis is linked to a single series, whereas each impact analysis is linked

to two series, for example a perturbed (per) series and a comparable natural (nat) series (Figure 2).

The impact assessment may be run (i) on a series of short-term flows or water levels, which can be split

in InSTHAn into two independent (sub) series representing the preimpact (natural) and postimpact

(perturbed) periods, or (ii) on two independent series representing the perturbed and the natural

conditions. In any case, the previous characterization of each perturbed and natural series is necessary

for the subsequent evaluation of the impact (Figure 2).

InSTHAn is organized into three modules corresponding to the steps that must be followed

to set up and complete an impact assessment analysis, requiring the user to (i) create a project

and import the data (Module I: Project management and data import; Supplementary Materials A:

Figure S1), (ii) preprocess and analyze the data by calculating the STCI (Module II: Characterization;

Supplementary Materials A: Figure S2) and (iii) calculate the STII (Module III: Impact assessment;

Supplementary Materials A: Figure S3). Finally, outputs may be displayed in tables and graphs.

Details on each module can be found in Supplementary Materials A.

3.2. InSTHAn’s Functionality and Comparison with Other Tools

Both InSTHAn and COSH-Tool were launched from an executable file. Then, the main

interface opened and allowed access to analysis of the time series. Both interfaces are simple

and require no coding from the user (Table 3). With InSTHAn, two different projects named

“ColoradoNat” and “ColoradoPer” were created (Supplementary Materials B: Figure S5). Two different

characterization analyses were ran, one for the natural original series (“ColoradoNatCharacterization1”)

corresponding to the period before the construction of the dam, and the other for the perturbed

original series (“ColoradoPerCharacterization1”), whose outputs were saved into their respective

folders within “ColoradoNat” or “ColoradoPer” projects (Supplementary Materials B: Figures S4–S19).

While importing the original data series we provided the required information on the series. Then,

the two imported data series were preprocessed in order to set the entire available period of data

as the characterization analysis period, and to round the flow measurements to two decimal places.

The perturbed data series, originally characterized by every 15 min records, was also decimated in

InSTHAn to get a measurement every hour.
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Table 3. Comparison of the tools used in this article: InSTHAn (v2020) and COSH-Tool (v2016).

Characteristics InSTHAn COSH-Tool

General characteristics

Programming language
InSTHAn v2020 is programmed in Matlab, but it does not
require a Matlab license and knowledge to deploy and
customize output figures

COSH-Tool v2016 is programmed in Matlab and it requires a
Matlab license and knowledge to deploy and customize output
figures

Graphical user interface (GUI) Several windows, friendly user interface Few windows, friendly user interface

Languages User selected between Spanish and English Default English

Data loading, preparation
and organization

File types supported Excel and text files Excel

Number of variables per file Up to four One

Data resolution Intraday. It allows to change the time interval of records Intraday. It does not allow to change the time interval of records

Data units User defined
User selected among options (stage (m), flow (m3/s),
unidentified)

Navigation in the PC Yes No

Organization of analyses
Hierarchical organization in projects and analyses, which
may be open, consulted and modified anytime

No hierarchical organization. Analyses cannot be open,
consulted and modified by the user

Data preprocessing Preprocessing options
Selection of subperiods of analysis, data decimation
(grouping records in larger time intervals), and data
filtering (rounding the measurement figures)

Selection of subperiods of analysis, deletion of outliers, and
data smoothing (moving average). No decimation (grouping
records in larger time intervals) and data filtering (rounding the
measurement figures)

Data analysis
Characterization

Based on patterns assigned to records and periods
(within-day portions of time of similar pattern among
records). They can be: rise, fall, stability change and
reversals. No user requirements for patterns identification

Based on peaking events. They can be: rapid increase and
rapid decrease. Peaking events identification is conditional on
the provision of several figures by the user (the inferior and
superior percentiles of the rate of change, a minimum duration
for a peak, the magnitude threshold to merge peaks and the
minimum duration between two consecutive peaks)

Through metrics and statistics relating to the major flow
components (i.e., magnitude, frequency, duration and rate
of change). Deepening the duration of patterns.
Information on stability and change patterns. See Table 2
for details (named STCI)

Through metrics and statistics relating to the major flow
components (i.e., magnitude, frequency, duration and rate of
change). No deepening the duration of peaking events. No
information on stability and change patterns. See Table 1 in
Sauterleute and Charmasson [21] for details

Impact
Through comparisons of characterization metrics (STCI)
from natural and perturbed series (named STII)

No

Outputs

Outputs format
Comprehensive tables and many figures in excel. Easy
customization of figures through Excel

Simplified tables in excel. Many figures deployed in Matlab.
Customization of figures and access to the data represented by
the figures through Matlab

Outputs scale
It captures each day´s subdaily patterns of the series, from
which the user may derive longer-scale patterns

It captures daylight, monthly, seasonal and annual patterns
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The natural and perturbed series were also loaded and prepared with COSH-Tool. Apart from

small differences between the tools related to restrictions on the navigation in the PC, or on allowed

variables, units and languages (Table 3), a notable difference of COSH-Tool is the non-organization of

the outputs within projects or/and analyses where they may be easily found and consulted (Table 3).

With a purpose similar to rounding in InSTHAn, smoothing was required by COSH-Tool at this stage.

Smoothing, however, depends on a “smoothing factor” set by the user, which must be within a range

of figures used during testing of the tool. Unlike InSTHAn, COSH-Tool is unable to modify the record

interval of the input series, so the original every 15 min, perturbed series had to be turned into hourly

time step series before loading to ensure that both natural and perturbed series had similar record

intervals for later comparisons. Finally, for both natural and perturbed original series patterns were

assigned to records (R) and periods (P) by InSTHAn (i.e., fall, rise, stability, change and reversal),

but peaking events (i.e., rapid increases and decreases) were identified by COSH-Tool (Figure 1).

Whereas the detection of such patterns in InSTHAn is based on differences between each previous and

following rounded record and does not depend on predefined values, the detection of peaking events

in COSH-Tool is conditional on the provision of several figures by the user, such as the inferior and

superior percentiles of the rate of change, a minimum duration for a peak, the magnitude threshold

to merge peaks, and the minimum duration between two consecutive peaks (Table 3). Since the

subsequent characterization of the series is based on the patterns and peaking events previously

identified by InSTHAn and COST-Tool, respectively, setting different figures in COSH-Tool may result

in variations of the peaking events of a series, ultimately affecting its characterization (Figure 1). For the

perturbed case, the whole flow series was split into many periods of rise and fall, and reversals and

changes by InSTHAn (Figure 1). However, for the same series, the rapid increases and decreases were

confined to the flow records that met the user-set (recommended by the users’ manual) parameters

(cf. above) by COSH-Tool (Figure 1). For the natural flow series, significantly more patterns through

years were detected by InSTHAn compared to the almost non-existent peaking events found by

COSH-Tool (Figure 1).

After data series loading and preparation, we required InSTHAn and COSH-Tool to characterize

the natural and perturbed subdaily flow regimes. The records (R) and periods (P) previously assigned

to different patterns were characterized by InSTHAn, whereas characterization of the identified peaking

events was done by COSH-Tool. In both tools, characterization is done through metrics and statistics

relating to the major flow components (i.e., magnitude, frequency, duration and rate of change; Table 3).

However, a more thorough characterization representing all facets of the subdaily variation is achieved

with InSTHAn, which goes into greater depth in duration metrics and provides information on periods

of stability and reversals and changes (Table 3). Whereas InSTHAn’s metrics (STCI) capture each

day’s subdaily patterns of the series, from which the user may derive longer-scale patterns through

averaging the excel outputs, metrics from COSH-Tool characterize monthly, seasonal and annual

patterns, which are displayed in figures (Table 3). Only a brief summary of the outputs for the whole

analyzed period is provided in an excel template by COSH-Tool. Unlike InSTHAn, COSH-Tool also

provides daylight patterns. Characterization metrics representative of each flow component (frequency,

duration, magnitude and rate of change) have been chosen from each tool for Figure 3 (further

outputs from InSTHAn can be consulted in Supplementary Materials B and in Alonso et al. [31] and

Bejarano et al. [32]).
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Figure 3. Box-and-whisker plots for selected outputs from the characterization analyses ran in InSTHAn

and COSH-Tool for the pre- and post-dam (Glen Canyon dam) flow series (1943–1951 hourly flows,

and 2003–2011 every-15 min flows, respectively) along the downstream reach of the Colorado River.

y-axes represent the months in pre- (natural) and post-dam (perturbed) conditions, colored in blue

and red, respectively. Black lines in the middle of the boxes are the median values for each group.

The vertical size of the boxes is the interquartile range (IQR). The whiskers represent the minimum

and maximum values that do not exceed 1.5 × IQR. The points are outliers. x-axes represent the

characterization metrics related to frequency, duration, magnitude and rates of change provided

by InSTHAn (i.e., short-term characterization indicators (STCI); a,c,e,g) and COSH-Tool (b,d,f,h).

For InSTHAn, selected metrics are: (a) monthly average number of fall periods per day for the whole

flow series, (c) monthly average duration of fall periods per day for the whole flow series, (e) monthly

average amplitude per day for the whole series and (g) monthly average rate of flow decrease per day

for the whole series. For COSH-Tool, the selected metrics are: (b) total number of rapid decreases

per month for the whole series, (d) time span after rapid decreases per month for the whole series

(not shown were three values in June, August and October for the natural period, which were higher

than 15 h), (f) discharge after rapid decreases per month for the whole series (not shown was one value

in June for the natural period, which was higher than 1000 m3/s) and (h) rate of flow decrease of rapid

decreases per month for the whole series.
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Both InSTHAn and COSH-Tool were able to capture the hydropeaking derived from the operation

of the Glen Canyon dam in the perturbed flow series. In general, from both tools the user can derive

that hydropeaking is associated to significantly frequent and short fall (and rise) periods (InSTHAn)

or rapid decreases (and increases; COSH-Tool); fast hourly flow changes (highlighted by both tools)

and high within-day flow amplitude (InSTHAn) and discharge (COSH-Tool; Figure 3). On average,

InSTHAn identified three, 5 h fall periods per day during the whole year for regulated conditions

(Figure 3). Other metrics (not shown) were consistent with these figures; the more frequent the fall

(and rise) periods, the more frequent the flow changes and reversals, and the more frequent and

shorter the stability periods. On average, COSH-Tool identified 25 rapid decreases per month for

regulated conditions and described short time spans after rapid decreases (5 h on average) for regulated

conditions (Figure 3). For the series subjected to hydropeaking, InSTHAn showed that the average

daily amplitude was 162 m3/s and the flow receded at a rate of (−) 21 m3/s/h, whereas COSH-Tool

showed an average discharge at the end of a decrease of 263 m3/s and of rate of flow decrease per month

of (−) 24 m3/s/h (Figure 3). Conversely, the characterization of the natural series did vary significantly

between the tools. Whereas the patterns of the flows used by InSTHAn for the characterization are also

found in the series regardless of whether it is regulated or not, the peaking events used by COSH-Tool

are restricted to artificial changes of the series, such as hydropeaking, and linked to exceptional

natural peaking events (Figure 3). Consequently, hardly any peaking events were found by COSH-Tool

throughout the natural flow series and, thus, most metrics were not applicable or equaled zero (Figure 3).

The values for the metrics mentioned above obtained by applying InSTHAn to the natural series were

in general (except for the spring values) significantly lower than the values from the perturbed series.

Average values were as follows: four, 3 h fall periods per day and two, 8 h fall periods per day for the

spring and the remaining seasons, respectively; a daily amplitude of 79 m3/s during the flooding season

and 21 m3/s for the rest of the year and an hourly flow rate of 1 m3/s/h (Figure 3).

In InSTHAn we ran an impact analysis named “ColoradoImpact1”, whose outputs were saved

into its corresponding folder within one of the existing projects (the project “ColoradoNat” in

our case; Supplementary Materials B: Figures S20–S25). For the impact analysis we indicated the

characterization files to compare natural and perturbed (i.e., “ColoradoNatCharacterization1” and

“ColoradoPerCharacterization1”) from the InSTHAn dropdown menu and the deviation from the

naturalness of each metric for each day of an average year was calculated. Impact assessment is not

available in COSH-Tool (Table 3). Described changes on each STCI are summarized by their respective

STII, which evidence both the magnitude and the direction of the impact (a selection of STII is shown

in Figure 4). On the one hand, the very positive STII values highlight the significant increase of

the within-day flow amplitude and rates of change resulting from hydropeaking (Figure 4). On the

other, the close-to-zero, positive and close-to-zero, negative STII values highlight the slight increase or

decrease of the frequency and duration of the fall periods with regulation, respectively; the pattern is

only unfulfilled during the flooding period (Figure 4).
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“ColoradoNatCharacterization1” and 

“ColoradoPerCharacterization1”) from the InSTHAn dropdown menu and the deviation from the 

Figure 4. Outputs from the impact analyses ran in InSTHAn for the above mentioned characterization

indicators (short-term impact indicators [STII]; -I denotes the impact on each indicator). Values around

0 mean a slight impact.

4. Discussion and Conclusions

4.1. Applicability

InSTHAn assists both scientists and river managers in describing and evaluating the naturalness

of short-term flow/water level regimes, thus, eventually facilitating the understanding of the potential

environmental impacts of the alterations of these regimes. Results from the application of InSTHAn to

the analysis of the short-term flow variation in the Colorado River denote important modifications of

certain key hydrological parameters at the subdaily scale due to the operation of the Glen Canyon dam.

These would, otherwise, have gone unnoticed with other tools based on daily or larger time scale flow

records. The derived consequences of these changes for the fluvial ecosystem may be severe. Particularly,

significantly higher amplitudes of subdaily flows due to a regulation increase of the everyday wetted

area, which may remove or move upwards on riparian areas plant species less tolerant to flooding while

triggering the development of aquatic or amphibian species. Such consequences were described by

Bejarano et al. [16] in rivers with hydropeaking from Northern Sweden, where Betula pubescens survival

decreased significantly whereas Salix and Carex species were favored. Additionally, the significantly

faster flow rates of change may result in fish/egg stranding, macroinvertebrate drift and obstruction of

germination. For example, Casas-Mulet et al. [36] related the higher mortality of Salmo salar eggs in a

river in central Norway to rapid dewatering, and Schülting et al. [37] observed macroinvertebrate drift

proportions peaked during the up-ramping phase of water in an experimental flume. Although altered

to a lesser extent, the more frequent and shorter inundations within a day may also cause scouring and

burial, and soil surface clogging, damage or removal of sessile organisms or life stages and habitat

deterioration and loss, which was already reported by Vanzo et al. [7].

Although based on different characterization units (patterns or peaking events), both InSTHAn

and COSH-Tool were reliable for the characterization of short-term scale flow and water level series.

The single characterization of the short-term natural and regulated flow regimes is valuable as it

increases scientific knowledge on geographic patterns of hydrological variability [38,39], and helps to

understand the influence of these patterns on biological communities and ecological processes [40].

InSTHAn’s added contribution lies in its ability to quantitatively assess the short-term hydrological

alteration by comparing identified patterns in natural and regulated conditions. Consequently,

and unlike COSH-Tool, InSTHAn brings water managers and scientists closer to the potential ecological
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consequences of the hydrological alteration, and to whether consequences may be irreversible

(when exceeding the ecosystem’s thresholds), ultimately helping to determine the resistance and

resilience of the river [41]. This knowledge is key for guiding any river management strategies [42],

the assessment of its ecological status [34,43], prioritizing conservation efforts [44] and setting and

measuring progress toward conservation or restoration goals [45]. Particularly, InSTHAn’s results

from the analyzed series would be useful when determining operational rules at the Glen Canyon

plant and/or in-situ compensation measures aimed at harmonizing hydropower production and

ecological integrity of the river [46]. Whatever the purpose, InSTHAn should be used in combination

with other tools focused on longer time resolutions such as the IHA [34], in order to guarantee the

comprehensiveness of the analyses by accounting for hydrological attributes at all time scales [47].

4.2. Merits and Limitations of InSTHAn in Relation to Other Tools

The appeal of InSTHAn is that it facilitates the analysis of long data series, which would otherwise

be tedious. It offers several advantages and improvements over its peers. It allows different languages,

reads widely used files of data from any source, records at any subdaily time scale and characterizes

by a wide range of date styles and data units, and up to four variables in the same sheet can be

imported; options that are more limited in existing tools. Additionally, InSTHAn provides a set of

descriptive subdaily hydrological indicators comprehensive enough to account for the most ecologically

determinant hydrological attributes [32], overcoming the limitations of other tools in duration metrics.

Although it has been specially designed for flow and water level datasets, as included indicators make

sense in the context of the field of stream hydrology, the user may consider it appropriate for other

variable types recorded at similar short-term resolution, e.g., water temperature or water dissolved

gasses in order to analyze the phenomena of thermopeaking [48] and saturopeaking [6], respectively.

All these variables are usually affected by hydropower production, which has been the focus of this

manuscript, but InSTHAn could be useful also in cases when flows are manipulated by dams with

other purposes than electric power generation but also involving the alteration of the short-term flows.

An interesting novelty is that InSTHAn allows adaptive analyses by modifying the analysis

periods (i.e., subperiods), the recording time intervals (i.e., to longer subdaily time steps) and the

accuracy to detect subdaily patterns (i.e., thresholds from which a fluctuation is considered). The latter

is crucial to avoid unreal fluctuations led by the influence of the accuracy of the measuring device or the

model, or simply measurement or modeling errors [30], and which is lacking in existing tools. Finally,

no tools to date enable the assessment of the alteration of short-term regimes (Table 1). Specifically,

COSH-Tool founds the characterization of subdaily regimes on peaking events (to some extend similar

to the so-called pulses by other authors) previously identified by the user based on subjectively defined

thresholds (e.g., [4,21,28,30]; Table 1). As our results show, the use of peaking events as characterization

units prevents the characterization of natural (or slightly affected) series usually lacking such events.

This is not minor, as impact can only be assessed by comparing natural and perturbed series pairs.

Characterization in InSTHAn, however, is based on patterns ultimately describing the records of the

series. This, first, guarantees objectivity in the identification process of subdaily patterns, which,

secondly, can be performed for any series regardless of the degree of alteration.

From a practical perspective, InSTHAn has been designed for a wide audience with

different backgrounds and expertise. Although the decision-maker is often a water resources

manager within a mandated organization, stakeholder participation, including water abstractors,

wildlife campaigners and local community representatives, play a role in influencing decisions [49].

Unfortunately, reaching agreement is hindered by such a range of interested parties with usually

conflicting goals, which can rely on InSTHAn outputs to set balanced thresholds. For this aim,

InSTHAn is an easy installation tool, which requires little computer memory and optimizes the

calculation time. The friendly windows within the GUI and clear results displayed through tables

and graphs, which can be read and managed from Excel files, help to make the tool easy to use

even for inexperienced users. Furthermore, it can be customized to change the language, units,
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and add/remove/zoom into graphs. Unfortunately, for the authors´ experience, the navigation through

COSH-Tool and management of results was not as straightforward and intuitive.

With regards to the limitations of InSTHAn, we point out again that derived environmental impacts

of short-term hydrological alterations are not directly provided by the tool but can be derived from the

already understood ecological implications of the calculated hydrological indicators. Consequently,

understanding of the ecological impacts from the outputs may require additional expertise and this

may vary according to specific species, conservation objectives and site characteristics. Further research

should address this issue. Another important limitation of InSTHAn derives from the requirements for

the input data. Although InSTHAn may be run on daily (or longer intervals) data, results may not

make sense at such time scales as indicators are focused exclusively on capturing subdaily patterns.

Results should be analyzed with caution if subdaily records are few. In such cases, other tools could

be more suitable (e.g., [34]). Further, for the case of hydrological datasets, measuring (especially in

free-flowing rivers) and modeling at such fine resolution are still uncommon. This particularly affects

the impact assessment module, which is dependent on free-flowing series. In the absence of data from

free-flowing rivers, the solution would involve the restitution of the free-flowing regime at the study

location. To accomplish this, at least one (representative) year of subdaily flows or water levels should

be recorded at a comparable location (for example by using pressure-transducer loggers), which would

provide the natural subdaily variability applied to model a longer period based on commonly available

daily records (registered or modeled). In rivers with high interannual flow variability, more than one

year of registered subdaily data would be desirable. A last restriction on the input data is that, with any

subdaily registering interval allowed, this interval must remain constant throughout the whole study

period. Finally, in the spirit of InSTHAn being a user-friendly tool that attracts a wide range of users,

those who are more experienced may not like that actions are restricted to windows and cannot be

ordered through commands.

4.3. Future Versions

We are working on completing existent modules and introducing new modules of InSTHAn.

The modular structure and the tool architecture allow the inclusion of new modules that may extend

the tool functions in future versions. Within the characterization and impact modules, new indicators

will be added in future versions such as measures of central tendency and dispersion for the indicators.

In addition, subdaily patterns will be summarized at other time spans apart from the daily basis

(i.e., currently, indicators take an average value for each day). For example, subdaily flow fluctuations

caused by hydropeaking along northern regions are higher during daytime, workdays or cold seasons

following electricity demands [50]. Detecting these variations in subdaily flow patterns is key when

planning strategies for sustainable hydropower management. In this regard, COSH-Tool already

distinguishes between daytime and nighttime analysis. Limits on hydropower production could

focus on situations when restrictions may result in great ecological gains but small economic losses.

A module for the categorization of data series according to their subdaily patterns or impact will be

built. We believe that it may facilitate management as similar management rules may be prescribed

to all series pertaining to the same group [32]. Finally, extra ecological and economic modules,

which provide the ecological and economic consequences of the already identified and quantified

hydrological changes would round off the current version of the proposed tool. InSTHAn should be

tested with other data series and improved accordingly. For this to be realized, our purpose is to make

it generally accessible as soon as the patent is obtained by downloading it for free from a webpage with

user registration as the only requirement. A user manual will be also available on the same webpage.

The user may share his/her experience when using the tool, inform of the degree of satisfaction with it

and ask doubts or suggest changes that could be included in future versions.
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4.4. Conclusions

We introduced the new tool InSTHAn: indicators of short-term hydrological alteration.

InSTHAn allows the user to (i) summarize multiple, long series of subdaily flow or stage data

into a manageable set of ecologically meaningful metrics (i.e., characterization), (ii) qualify and quantify

the deviation of each series from the unaltered state to assess the hydrological alteration and its

potential environmental impact and (iii) display both the short-term flow or stage pattern and its

impact by using tables and graphs. The name informs on its ultimate purpose and time scale of the

target regime, whereas the pronunciation of the acronym refers to the required recording interval of

the input data (i.e., instant records). InSTHAn represents an advance compared to existing tools. In the

characterization stage, it guarantees objectivity in the identification of subdaily patterns from any

(natural or altered) series, and provides a comprehensive set of ecologically meaningful hydrological

indicators. In the impact stage, it enables the assessment of the alteration of short-term regimes. Finally,

in terms of its functionality, it is characterized by the flexibility in the analyses (analysis periods,

recording time intervals and accuracies to detect subdaily patterns) and in the supported languages,

files and datasets properties (date styles, records time intervals and data units), and it is a friendly

tool because its straightforward installation and use (windows within the GUI and clear display of

results). InSTHAn responds to real-world needs in the fields of science and technology, and ultimately

of society. By facilitating complex data management, it promotes the development of scientific

studies on the short-term variability of river flows and levels—natural and altered by anthropogenic

actions—underlying key ecological processes in rivers. By providing comprehensive and objective

information on short-term stream flows and levels, this tool solves conflicting user perspectives and,

hence, supports the sustainable integrated assessment and management of river systems. InSTHAn is

particularly useful in the environmental management of rivers used for hydropower production, as it

will assist in achieving the priority goal of maximizing hydroelectricity production while minimizing

environmental losses.
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Abstract: Water supply systems need to be designed accounting for both construction and operational

costs. When the installation requires water pumping, it is key for the operational costs to know how

well the pump can perform. So far, pump efficiency has been considered using conservative values,

in the absence of a better estimation. The aim of this paper was to improve determining the energy

costs by clarifying what the value of the pump performance should be. For this, 226 commercial

pumps were studied, registering the efficiency at the optimum operating point, as well as other

variables such as the flow rate, height, and pump type. As a result, a strong relationship between the

pump performance and the discharge flow was spotted. That allowed the generation of an empirical

curve, which can be used by designers to anticipate what pump efficiency can be expected. The results

are used in a simple case study using the Granados Optimization System. These achievements

can be implemented in design policies for a better energy assessment in the optimization of water

supply systems.

Keywords: pump efficiency; water distribution systems; water supply systems; optimization; design

policies; design

1. Introduction

Under the climate change threat, becoming energetically efficient is now a crucial necessity for our

society. A proper energy assessment is, therefore, a key factor to account for in the developing of new

policies that look after sustainable designs of water supply systems [1]. The designing stage of a water

distribution system requires considering not only the construction phase, but also the operation of the

facility over its entire lifespan. With this approach, energy expenditure takes a huge fraction of the final

cost, and it should not be dismissed from the calculations. There are many designing approaches that

do incorporate this aspect in their analysis. Mala-Jetmarova et al. [2] summarized what other authors

considered in their proposals. After their review of the state of art, it seems that the design of water

distribution systems is increasingly emphasizing the importance of including operation assessments.

The operational costs are often included in optimization algorithms in a single economic function

that would also include construction costs of the network. This approach is used in some classical

studies, like [3], but it is still the most common way to assess energy costs in the design. That is the case

of [4–9] or [10]. Nevertheless, a different perspective is to treat operational and construction costs as

separated objectives, as [11] does. However, this assessment confirmed that such a perspective throws

back very different design solutions: the optimum design for construction costs means the highest

operational investment and vice versa. This approach makes the search of the optimum for the overall

installation more difficult, and therefore it is more advisable to adopt a single cost function to optimize.

In order to achieve a more precise assessment of all costs involved, multiobjective algorithms have

started to incorporate in the optimization function costs of maintenance [12,13], replacement [14–16],
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and greenhouse gas emissions [17–20], among others. Multiobjective methods offer a very complete

revision of all costs, but many times they require complex programming, resulting in being

computationally expensive and hard to use. The work of [21] explained the state of the art of

the multiobjective techniques.

Because operation costs are distributed along the lifespan of the installation, they need to be

computed at the design stage. The equivalence is calculated using an accumulative factor that depends

on the duration of the operation of the water drive considered, the duration of the construction period,

and the discount rate employed. Regarding the lifespan of the facility, some methodologies consider an

operative life of 20 years [3,5], but other authors [15,16,20] prefer to carry out the analysis for 100 years.

Another key variable for the operation costs is the pump efficiency. One of the most widely

used methods for designing water supply systems in Spain is the Granados System [22,23], which is a

gradient-based procedure. Among all variables affecting the Granados System, the pump efficiency

is the key factor for calculating the diameter of the hydraulic conduction. The aim of this paper is

to define the relationship between the pump’s efficiency and the other parameters involved in the

procedure, such as the flow rate, the pumping head and the required power. This pump efficiency

analysis does not only serve for the purposes of the Granados System, but it can also help in many

other methods that require the value of the pump’s efficiency. This is the case of [24], where they

use an estimated value of 75% in their calculations; for Wu et al. [15], the values range from 81% to

84%; Gessler and Walski [25] estimate the efficiency as 75% and so do Alperovits and Shamir [26] and

Featherstone and El-Jumaily [27].

Other studies have also decided to optimize the design using as key variables the pump

location [28,29], pump capacity [4], type [19], power [3], pumping head [30–32], pumping

schedule [24,33], or pressure [34,35]. Water supply system design is a complex task where many

variables are involved [36] and inter-connected; the decision-making needs a full comprehension of

how each factor affects the installation. Some of the relationships between variables are still unknown

and only intuited by experience. For this purpose, sensitivity analyses are necessary. The work [37]

carries out an exhaustive sensitivity analysis using Sobol’s method (a variance-based approach) to

determine the variables that most affect the installation. These variables could vary from pipe diameters

to tank sizes, and the degree of influence depends on each case study. In their work, they prove the

computational savings that can be obtained and, therefore, how beneficial the analysis is. This paper

also intends to serve as a sensitivity analysis of how much pump efficiency is influenced by other

factors and how the pump’s efficiency can affect the final cost of a water supply system.

Since the pump efficiency can substantially affect the design of water supply systems due to

the wide range of values they can adopt, with this study we carry out an extensive study of the

pump performance in order to characterize its values. For this to be made, we analyze the features

of commercial pumps available in the market. The conclusions are integrated in a gradient-based

procedure, using as a base the Granados System, giving rise to an optimized design method that

accounts for the construction and operational costs. This procedure is also compatible with adding

other variables such as the carbon footprint [38] of the design or the GHG emissions. Our new

methodology is applied to a case study to illustrate its computationally straightforward conception.

2. Materials and Methods

2.1. Brief Summary of the Granados System

Granados System is a pipe-sizing method indicated for the design of branched water distribution

systems. It is a gradient based methodology. It is, in fact, based on the ‘change gradient’ concept:
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The change gradient is defined as the cost of reducing one meter of head loss by increasing the pipe

diameter from ∅i to the next bigger one ∅j = ∅i+1:

GC
q
∅i → ∅j

=
Pj − Pi

∆h
q

i
− ∆h

q

j

, (1)

where Pi and Pj are prices of pipes of length L and diameters ∅i and ∅j, respectively; ∆hiq and ∆hjq

are the head losses of a pipe of length L and diameters ∅i and ∅j, respectively, when a flow rate q is

circulating. When the head losses are calculated using Manning’s formulation, the change gradient’s

expression is:
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with n being Manning’s friction coefficient.

The definition of the change gradient also needs to include some other associated costs such as

excavation expenditure or reinforcements against chemically aggressive environment or hydraulic

transients. During the optimization stage, hydraulic transients are usually taken into account in a

simplified way, for instance, extra thickness of the pipes to withstand water hammer transient pressure.

Once the optimum design is achieved, proper assessment of water hammer should be carried out to

verify the initial hypothesis. These associated cost factors increase the pipe price, and therefore, they

have to be accounted in the design through Pi and Pj.

Increasing the pipe’s diameter means a reduction in the head loss along the pipeline, but it has the

extra cost of the wider and more expensive tube. Since the change gradient is the cost of reducing the

head loss by one meter, it needs to be compared to the cost of the energy required for pumping the

water at one meter height throughout the entire life of the facility, CE1, which reads:

CE1 = CaE1· fA = fA 9.81
V

3600

1

µB

1

µM
pE, (3)

fA =
(1 + i)nU − 1

(1 + i)nU i
· 1

(1 + i)nC
, (4)

where CaE1 is the annual energy cost per meter, fA is the discount factor, nc is the duration of the

construction period, nu is the useful life of the installation, i is the discount rate, V is the annual

volume of water to pump, µB and µM are the pump and engine efficiency, and lastly pE is the unit

price of energy.

As it is justified in Granados’ work, with the exception of the pump performance µB, the other

variables in the previous equation are relatively known data: V is the total demanded volume to pump,

pE is the unit price of the energy that has been hired, and fA is calculated from the discount rate i,

the service life nU of the water pipeline which depends on the chosen material, and the construction

period nC. Regarding the engine efficiency µM, although it varies theoretically depending on the model

chosen and the operating point of the pump, the variations in engine performance are so small that it

can be considered constant across different models and manufacturers. Therefore, the above equation

can be simplified to:

CE1 = KCE1
1

µB
. (5)

As previously said, Granados System consists of comparing the cost of building a wider pipe

(change gradient) and reducing the head loss by a meter, to the cost of pumping one meter of head loss

(CE1). The reasoning is the following:
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• If GC
q
∅i → ∅i+1

< CE1 ⇒Diameter ∅i+1 is preferable to ∅i.

• If GC
q
∅i → ∅i+1

> CE1 ⇒Diameter ∅i is preferable to ∅i+1.

But since CE1 depends on the pump efficiency µB, the procedure changes to:

• If GC
q
∅i → ∅i+1

< CE1 ⇒ GC
q
∅i → ∅i+1

< KCE1
1
µB
⇒ µB <

KCE1

GC
q
∅i → ∅i+1

⇒ Move to ∅i+1 .

• If GC
q
∅i → ∅i+1

> CE1 ⇒ GC
q
∅i → ∅i+1

> KCE1
1
µB
⇒ µB >

KCE1

GC
q
∅i → ∅i+1

⇒ Keep ∅i .

This means that, whenever there is a pump on the market whose efficiency can be greater than the

calculated µB, the optimum diameter will be ∅i. In the event that no commercial pump can reach that

performance because it is very high, it will be necessary to move to the next diameter ∅i+1. Therefore,

to apply this method it is necessary to know the maximum efficiency that pumps can reach. This is an

uncertainty of the Granados System, and up to now, typically, pump efficiency values around 80% are

already indicative.

2.2. Methodology

Among all variables affecting Granados System, the pump performance is the key factor for

calculating the diameter of the hydraulic conduction. Nevertheless the results may vary significantly

depending on the pump efficiency; indeed, µB presents a wide range of possible values that typically

goes from 70% up to 90%. This means a variability of almost 20% in the estimation of the cost, which is a

substantial difference. Therefore the aim of this paper is to define the relationship between the pump’s

performance and the other parameters involved in the procedure, such as the flow rate, the pumping

head or the required power. For this to be done, we select 400 commercial pumps from the catalogues

of several manufactures. We discard custom-made pumps since the cost of these pumps is much

higher than the ordinary ones listed and the offering in commercial catalogues is already very wide.

The selected pumps vary from each other in their type, impeller diameter, number of stages, rotation

speed (electrical current frequency, number of poles), brand, etc. For all these models, we study

the pump efficiency; in particular, we register the optimum value together with the correspondent

flow rate, head and power consumed. Nevertheless, some pumps are ruled out of the sample and

presentation of the results because they either were similar to those of other manufacturers, or because

they were very specific for some industrial or sanitary engineering uses. In the end, the sample consists

of 226 hydraulic pumps.

For the detailed study of the pump performance, this research has focused on the most common

type of pump for the applications in civil engineering (supply, irrigation, sanitation, etc.)—centrifugal

pumps. Within centrifugal pumps, both horizontal and vertical axes are selected, mostly with a radial

flow configuration, with the exception of submersible pumps, for which the axial arrangement is more

common. The sample includes regular horizontal and vertical pumps, split case pumps, multistage

and submersible pumps. The manufacturers used for this analysis were IDEAL, WILO, ESPA and

HASA. More specifically, the commercial models were:

• Split case pumps: CP/CPI/CPR series.

• Horizontal pumps (normalized in the European Union): RNI/RN series.

• Multistage horizontal pumps: APM series.

• Vertical pumps: VS/VG series.

• Submersible vertical pumps: SVA/SVH series.

Multistage pumps perform with the same efficiency for a specific flow rate and different heights

(which is the number of stages multiplied for the unitary head). To avoid this dispersion that could make

it difficult to draw conclusions, it was decided to only use the optimum operating point correspondent

to a single stage.
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Using the data collected for the optimum operating points for all the 226 hydraulic pumps

previously mentioned (pump’s optimum efficiency and associated flow rate, head, speed, power,

frequency, diameter, etc.) we carried out an analysis to establish relationships among the design

variables of a water drive.

3. Results and Discussion

Figure 1a shows the values of the optimum efficiency of the pump and the flow rate correspondent

to that point. From it, it can be seen that there is a relationship between both variables: the performance

of the pump improves as the discharge increases, although it seems to reach a horizontal asymptote for

µB around 90%. In this same figure, it can be spotted that the relationship between the two variables is

more precise for flow rate values that are greater than 500 L/s. Below this value, as it can be seen in

Figure 1b, there is more dispersion. Also, when the discharge is at least 100 L/s, the pump efficiency

can be expected to be better than 80%, but under it, the dispersion is stronger. On the other hand, it has

been studied whether the type of pump has any relation with the efficiency. For that, Figure 1 also

shows the distribution of the operating points for the split case pumps, horizontal and multistage (both

horizontal and vertical).
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Figure 1. (a). Optimum pump efficiency and the correspondent flow rate at that operating point,

classified by the pump type. (b) Detail of the previous figure for smaller discharges.
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Regarding the pump type, we conclude that:

• Split case pumps are, in general, the ones that provide the best performance for flow rates over

500 L/s.

• Between 100 L/s and 500 L/s, both split case and horizontal offer the best results.

• Under 100 L/s, the distribution is very heterogeneous and disperse, but as a general rule, there is

always a horizontal pump that can provide the best efficiency (but also the lowest, due to the

dispersion). Vertical pumps also show great performances, but they can generally be exceeded by

a horizontal model.

• Vertical multistage pumps always give a better efficiency than horizontal multistage pumps.

• For small flow rates, the differences between the pump efficiency among models are very high.

Different models can almost double other pump’s efficiency, meaning that the energy cost can be

almost twice as much if the pump is not well selected. This is why the pump analysis is more

complicated for small discharge values.

When the pumping height and the efficiency are plotted together, as shown in Figure 2, there is

no clear sign of a relationship between the two variables since the dispersion is too strong for any head

value. There is a very light tendency of high pump performances (around 80%) for under 40 m head,

but over 60 m the distribution of µB is too scattered.
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Figure 2. Optimum pump efficiency and the correspondent pumping height at that operating point.

To test out what the relationship between the optimum µB and the required power for that

operating point is, Figure 3 was elaborated.

The main conclusions drawn from Figure 3 are:

• There is a relationship between the pump efficiency and the required power for the optimum

operating point.

• The relation seems to be clearer from 400 kW and on, and values greater than 80% efficiency can

be expected.

• This relationship seems to be weaker than the existing one between the flow rate and the pump

efficiency. The interpreted reason for this fact is that, since the power is calculated from the flow

rate and the pumping height, the good relationship that the flow rate transfers to the power is

weakened by the poor bond that the pumping head and efficiency have. The authors of [3] had

already presented similar conclusions. In their work, they empirically proved that the cost of

pumping depended on power; which indeed agrees with these results.
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Figure 3. (a) Optimum pump efficiency and the correspondent pump power at that operating point.

(b) Detail of the previous figure.

To summarize, this first assessment concludes that the strongest of the relationships with the

pump efficiency is that of the flow rate, especially when the flow is greater than 100 L/s and it is

almost linear.

On the other hand, the relationship between the specific speed of the pump and the efficiency is

shown in Figure 4. The specific speed of the pump is defined as:

ns =
nr·q

1
2

H
3
4

, (6)

where ns is the specific speed; q, H and nr are the flow rate, pumping head and the rotation speed,

respectively, at the optimum operating point [39]. It is interpreted as the rotation speed that a

geometrically similar pump should have in order to elevate a discharge of 1 m3/s at 1 m height.

143



Water 2020, 12, 132

 

 

μ

μ

 

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100 110

Pu
m

p 
eff

ici
en

cy
 µB

 (%
)

Specific Speed [rpm]

All types of pumps: Relationship between the specific speed 
and the pump efficiency.

Split Case
Horizontal
V. Multistage (1 stage)
H. Multistage (1 stage)

Approximate 
trend line

Figure 4. Optimum pump efficiency and the correspondent specific speed of the pump, classified by

the pump type.

Low specific speed indicates that the pump is suitable for small flow rates and great heights.

This means that, since small flow rates have a poorer relationship with the pump efficiency, pumps with

a low specific speed will have the worst performance values. This is shown in Figure 4. On the contrary,

high specific speed is an indicator of a pump suitable for great flow rates and low heights. According to

the previous analysis made from Figure 1, greater discharges correspond to better performances,

and therefore, a high specific speed can be associated with a good µB, as Figure 4 shows. The scattering

of the figure is caused by the poor relationship that the pumping height and the rotation speed have

with the pump efficiency. However there is a diffuse tendency of increasing µB as the specific speed

grows. As far as pump type is concerned, the types of pumps that operate at higher flow rates will be

the ones with a greater specific speed and therefore, better performance: These are split case pumps, as

shown in Figure 4. Vertical multistage pumps also give good results in the smaller flow rate ranges.

3.1. Relationship between the Flow Rate and the Pump Efficiency

From the previous figures, it seems that there are three flow rate ranges where the relationship

with the pump efficiency is different. The first one would be from 0 to 100 L/s, the second from 100

to 500 L/s and the last one over 500 L/s. Nevertheless, in order to be more precise, instead of three

zones, the curve has been fitted using up to fourteen flow rate subdivisions. Table 1 shows the average

optimum pump efficiency for each interval, as well as the maximum and minimum found among the

studied pumps.
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Table 1. Elaboration of the adjusted curves of the pump efficiency versus the flow rate.

Pump Efficiency for Each Flow Rate Interval

Interval
Number

Flow Rate Range Pump Efficiency

Minimum Maximum Average Average Maximum Minimum

q (L/s) q (L/s) q (L/s) µB (%) µB (%) µB (%)

1 0 5 2.5 55.3% 77.0% 36.2%
2 5 10 7.5 63.5% 76.0% 45.0%
3 10 15 12.5 65.7% 77.0% 45.0%
4 15 25 20 74.2% 82.0% 63.0%
5 25 40 32.5 75.0% 85.0% 61.2%
6 40 65 52.5 78.6% 84.0% 70.5%
7 65 100 82.5 81.0% 85.4% 75.4%
8 100 150 125 83.1% 86.0% 74.0%
9 150 200 175 82.8% 87.0% 80.4%

10 200 300 250 83.9% 88.0% 81.0%
11 300 500 400 84.9% 88.8% 79.9%
12 500 1000 750 85.5% 88.5% 80.4%
13 1000 2000 1500 88.3% 89.0% 86.7%
14 2000 3000 2500 88.2% 89.0% 86.2%

When these values are adjusted through a doubly logarithmic curve, the relationships for both the

average and maximum values fit satisfactorily (r2 > 98% and r2 > 90%, respectively), as can be seen in

Figure 5. The empirical equations that relate the optimum pump efficiency and the flow rate are:

µ
Average

B
= 0.1286 ln (2.047 ln q− 1.7951) + 0.5471 r2 > 98%, (7)

µMaximum
B = 0.0576 ln (2.047 ln q− 1.7951) + 0.741 r2 > 90%, (8)

where q is the flow rate in liters per second (L/s).

 

μ୆୅୴ୣ୰ୟ୥ୣ = 0.1286 ln  ሺ2.047 ln q െ 1,7951ሻ ൅ 0.5471μ୆୑ୟ୶୧୫୳୫ = 0.0576 ln  ሺ2,047 ln q െ 1.7951ሻ ൅ 0.741
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Figure 5. Adjusted curves. The curves are elaborated using 14 intervals of the collected data.

Finally, Figure 6 shows the adjusted curves along with the collected data. Both curves fit

satisfactorily for most flow rate ranges, especially for the bigger ones; nevertheless the dispersion is

higher for the small discharge values (under 50 L/s), but still, it gives a valid reference. To facilitate the

visualization, Figure 6b shows the results in logarithmic scale.
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Figure 6. (a) Optimum pump efficiency curve: database and mathematical adjustment; (b) mathematical

adjustment in logarithmic scale.

3.2. Application of the Pump Efficiency Curves to the Granados System

For a better comprehension, the full procedure is shown in Figure 7. On the figure, all variables

affecting the change gradient and the energy cost are graphically represented: flow rate, pump efficiency,

energy price, annual volume of water, engine efficiency, useful life of the installation, construction

period, discount rate, commercial diameters, pipe prices and pipe roughness.
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Figure 7. Pipe sizing methodology representing the steps for the design and the shapes that curves

might present depending on the variables.

The design process represented in Figure 7 consists of the following steps:

1. Calculate the design demand flow rate of the hydraulic drive.

2. Calculate the change gradient curves for a commercial series of diameters with Equation (2).

Since the aim is to compare the construction costs to those of the energy, excavation costs also

must be considered and added to these figures.

3. Calculate the expected pump efficiency using the average pump efficiency equation (Equation (7)).

It is always more conservative to use the average pump efficiency equation rather than the

maximum one, nevertheless this one can also be used but it would require a much more

exhaustive pump search.

4. Calculate the annual energy cost for one meter height Ca

5. E1 using Equation (3).

At this point, different alternatives might be considered for various energy prices, etc.

6. Calculate the total accumulated energy cost for one meter height CE1 with Equations (3) and (4).

7. Compare the change gradient and the energy cost CE1 and select the pipe diameter: when

GC
q
∅i → ∅i+1

< CE1 select the wider diameter ∅i+1; but when GC
q
∅i → ∅i+1

> CE1 select diameter

∅i. When GC
q
∅i → ∅i+1

= CE1, it is always preferable to build a bigger diameter ∅i+1, in case

energy price, discount rate, etc. change.

3.3. Case Study: Navas del Marqués

To exemplify the application of the previous design procedure, the method will be used in a

case study. It is based on the dam project in the Navas del Marqués locality, Ávila, Spain, which was

carried out by the Tagus Hydrographic Confederation [40]. In this section we intend to compare the

design results obtained in the project to the ones that would be obtained with the proposed procedure.

The project included the following works:
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• New dam.

• New pumping station.

• New pipe replacing the first part of the water drive. There was a tunnel section from the previous

water supply system that will remain as it was.

• New raw water deposit, previous to the water treatment station.

• New regulation deposit, after the water treatment station.

• New distribution network.

Figure 8 shows the schematic works that the project included, along with some relevant altitudes,

and input data. This paper is concerned about the sizing of first part of the water drive, i.e., Pipe 1

(remember that the tunnel section, Pipe 2, was to remain in the original state).

 

 

 
 
 

 

 
 
 
 
 
 

 
 

Figure 8. Case study at Navas del Marqués.: Pipe 1 is the only one to replace.

The project data that are used can be summarized in the following list:

• Design flow rate: 0.164 m3/s.

• Annual volume of water: 1.5 hm3/year.

• Pipe diameters and the correspondent prices. These are compiled in Table 2.

• Energy price: 0.072 €/kWh.

• Duration of the construction period: 30 months.

• Although it is not specified in the project, pump engine efficiency is fixed at 94%.

148



Water 2020, 12, 132

Table 2. Pipe prices series and change gradients calculations.

Change Gradients

Pipe Diameter
Canal de Isabel II Project Diameters

Construction Cost Change Gradient Construction Cost Change Gradient

mm €/m €/m €/m €/m

60 55 0.11
80 64 0.26

100 69 2.11
125 79 4.84
150 86 30 103 1 36
200 105 233 127 256
250 134 796 159 1044
300 161 3070 194 2373
350 197 6670 221 6593
400 227 15,972 252 11,226
450 260 33,781 295 64,309
500 295 98,565 341 76,920
600 378 405

1 The project includes a limited series of ductile cast iron pipes in the estimated budget documents. These start from
150 mm.

This design process can be also followed throughout all series of Figure 9. These figures follow

the same color code and symbology as Figure 7. The calculation followed the steps listed above:

1. The design discharge flow is the one used by the original project which is q = 0.164 m3/s.

2. For the calculation of the change gradients, the material for the pipe is ductile cast iron.

Two different studies have been elaborated for two different pipe prices. Firstly, the pipe

prices used in the project have been considered. Secondly, we used the pipe prices proposed

by the Canal de Isabel II. Canal de Isabel II is the public authority in charge of the integral

water supply of Madrid, Spain, and they published the average pipe prices they use in their

infrastructure. Since the Tagus Hydrographic Confederation is also a public company, these

prices have also been considered for a sensitivity analysis. On the other hand, it must be kept

in mind that the prices used for the change gradient include that of the full construction cost

(including excavation, joining, etc.). Table 2 shows the pipe prices and the change gradients.

3. Using Equations (7) and (8), the average pump efficiency obtained is 82.44% and the maximum

value is 86.52%. This same result can be obtained from Figure 6a with the design flow rate

q = 0.164 m3/s.

4. The calculation of the annual energy cost per meter has been made for different values of the

energy price. Engine efficiency was fixed at 94% and the demanded annual volume of the project

is 1.5 hm3. Energy prices used for the calculations are 0.072 €/kWh, which, using Equation (3),

gives an annual energy cost of 380 €/m/year; and also 0.125 €/kWh, for which CaE1 is 659 €/m/year.

This will allow a sensibility analysis to see how robust the design is against energy price changes.

The first price, 0.072 €/kWh, corresponds to the energy price used in the project, and the second

alternative, 0.125 €/kWh, corresponds to a higher energy price. These results can be seen in

Figure 9a.

5. Once the annual unit pumping cost is obtained, the total accumulated cost is calculated using

Equation (3). We assume a life span for the cast iron pipe of 31 years. Likewise, the duration of

the expected construction period according to the project is 30 months, which corresponds to

2.5 years. We analyzed the sensibility of the design for the discount rate. In this line we adopt

three values of the flow rate, where i equals 3%, 4% and 5%. With all this, the results obtained in

each situation of energy prices and discount rate are shown in Table 3 below and in Figure 9b.
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6. Once the full energy cost has been obtained, as well as the change gradients, the comparison is

made, following the reasoning previously described. The selected pipes are compiled in Table 3

and shown in Figure 9c,d.

 

(a) (b) 

(c) (d) 

→
→

 

Figure 9. Case study of the Navas del Marqués. (a) Step 4: Calculation of the annual energy cost;

(b) Step 5: Calculation of the capitalized energy cost throughout the entire life of the installation. (c,d)

Both panels show steps 1 and 5 of the procedure. This means that both the change gradient calculation

(red curves) and the pipe selection is shown in the figures. In (c), the change gradients are calculated

using the Canal de Isabel II commercial diameters, and in (d), they used the project data. The big

orange circle in (d) represents the main solution, whilst the small orange circles represent the solutions

for the other alternatives evaluated in the case study. For the main solution, as the energy cost per

meter CE1 is greater than CGØ350→Ø400, it is more convenient to choose Ø400 mm. But because CE1

is smaller than CGØ400→Ø450, it should not be passed onto Ø450 mm and remain with Ø400 mm.

The same reasoning applies to the other solution alternatives.
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Table 3. Selection of the pipe diameter, depending on the energy prices, diameter series and discount

rate considered.

Pipe Selection

Annual Unit Energy Cost Total Unit Energy Cost Selected Diameter

Energy Price
CaE1 i

fa
CE1 Canal Isabel II Pipes Project Pipes

€/m/year % €/m mm mm

0.125 €/kWh 659

3 18.6 12,248 (a) 400 * (g) 450
4 15.9 10,513 (b) 400 (h) 400
5 13.8 9100 (c) 400 (i) 400

0.072 €/kWh 380

3 18.6 7055 (d) 400 (j) 400
4 15.9 6056 (e) 350 (k) 350
5 13.8 5242 (f) 350 (l) 350

* The letters in brackets indicate the graphical solutions in Figure 9c,d.

As it is shown, most of the alternatives throw back a pipe diameter solution of 400 mm; this is not

too far from the solution taken in the project, which is 500 mm. The diameter selected in the project

implies a facility with higher costs than the design obtained with the optimization of this research.

However the project solution is energetically less consuming, and this is a positive fact because energy

prices tend to increase with time, leading to significant increases in the energy cost. Nevertheless,

when the sizing is made for project energy prices, the solutions oscillate between 350 and 400 mm.

Although the project and presented method give close results, the new methodology can help to

optimize the full cost of the facility.

An economic evaluation has been conducted using the project energy prices and pipe prices.

This can be seen in Table 4 and Figure 10.
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Figure 10. Economic evaluation of the case study at the Navas del Marqués.
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Table 4. Economic evaluation for the case study using the project prices for the pipes, once a diameter

of 400 mm has been selected, to prove the least cost result.

Economic Evaluation

Diameter Construction
Costs

Head Loss Annual Cost i = 3%
Total Cost

Ø ∆h caE CE

(mm) € (m) (€/year) (€) (€)

300 329,886 35.01 28,374 527,076 856,962
350 376,444 15.39 20,922 388,646 765,091
400 428,121 7.55 17,946 333,353 761,474
450 501,646 4.03 16,609 308,516 810,162
500 578,985 2.30 15,951 296,302 875,288

Table 4 and Figure 10 show how diameters Ø400 mm and Ø350 mm give very close results for the

total cost, since they only differ in approximately 4000 €. Nevertheless, the cost variation increases

compared to diameter Ø500 mm and it is significantly higher, as it can be seen in Figure 10 even though

the results only differ in 100 mm wide. When the sizing is made for higher energy prices, the most

common result is 400 mm. As a conclusion, although the experience of the designer can never be

replaced, this method is a very convenient tool to find the optimum diameter of a pipe.

4. Conclusions

The present pump analysis is a useful tool to help with the uncertainties regarding decision-making

in water supply system design. Because the relationship of the pump efficiency with the other variables

involved in the design process has been elucidated, the understanding of such a complex procedure as

the design of a water supply system is improved.

The definition of the pump-efficiency–flow-rate curve reduces the conflict resolution involved in

gradient-based methods, avoiding iterations regarding the pump efficiency. This automatically leads

to less computational effort. In this sense, the Granados method is a straightforward procedure.

Some current methods are somewhat black-boxes, losing part of their utility by not being easy to

comprehend for design engineers. The visual representation of our design methodology presented in

this paper facilitates the understanding of the influence of each variable and allows to have a clear

picture of the process. This simplicity is one of the main necessities to aim for when it comes to water

supply system design.

As the case study shows, energy costs are proved to be a great fraction of the full cost of the

installation, and they need to be considered from the first phase of the design. In contrast with other

methodologies that do not consider these energy cost, this analysis aims for an integrated water

assessment where all costs of the water–energy nexus are integrated.

Here, we obtain empirical equations that define the average and maximum optimal pump

efficiency to expect depending on the flow rate of the installation. These results can be incorporated to

elaborate a proper energy assessment of the operational costs. As the case study has shown, the design

of a water supply system is also very much influenced by the construction costs (the design differs

when Canal de Isabel II or project pipe prices are used) and by the energy rates (centesimal order

variations will throw back different results). This reinforces the importance of carrying out a sensitivity

analysis when it comes to designing a water supply system. These conclusions can be used for policy

assessment in integrated water management as well as supply system design.
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Abstract: This study reviewed the existing experience of implementing the nation-wide freshwater

health evaluation in China and around the world and proposes a new framework that works in

collaboration with the River Chief System (RCS). The institutional context of China with intertwined

political and scientific considerations makes it essential to establish a concise and quantitative

approach to assess the effectiveness of the RCS as well as local freshwater health conditions that can

be easily understood by non-experts for decision-making. To fulfil this objective, we reconstructed the

indicator categories based on the best practices in major western countries and the existing regional

standards in China. The new indicator framework includes two main aspects: Ecosystem integrity

(physical habitat, water quantity, water quality, and aquatic life) and non-ecological performance

(social services and water governance). Specifically, the non-ecological attributes of freshwaters are in

accordance with the purposes of the RCS and are usually ignored in many countries. The final health

grade for a specific water body is determined by a weighted averaging method; this grade is the core

element of an evaluation protocol designed to produce reliable data for adaptable water resources

governance in China. The research findings in this study will also be integrated into the new national

standard to be issued by the Ministry of Water Resources of China in late 2020.

Keywords: freshwater health; river chief system; ecological integrity; social services; water governance;

national standard

1. Introduction

There has been a longstanding recognition of the need for maintaining and improving the status

of freshwater ecosystems across the world. Freshwater resources, mainly consisting of rivers and lakes,

are closely related to not only the natural environment but also the human society as well as how

human beings are engaged with the environment. The United Nations’ Sustainable Development Goal

6 (SDG6), ‘Clean Water and Sanitation’ [1] sets goals of ensuring global water access and safety by

2030 by investing in adequate infrastructure and protecting and restoring water-related ecosystems.

SDG 6 recognizes that water has multiple values and that they are all related, i.e., the success in one

may depend on another. For example, a healthy freshwater ecosystem entails not only good water

quality (less pollution) and low water stress (reasonable consumption), but also the improved water

governance. This worldwide consensus was reached after decades of exploration and efforts made by

many countries to find a well-balanced combination of ‘led-by-science’ and ‘led-by-administration’,

while this exploration still continues.
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The well-known Clean Water Act of 1977 was enacted in response to the dramatic pollution in the

1970s in the USA and is the world’s first comprehensive and systematic environmental law for managing

freshwater health [2]. Since the 1990s, researchers have contributed to developing advanced freshwater

health frameworks beyond the original non-modern working modes; and the governments of many

countries are working with scientists and the public to explore innovative approaches. For example,

the European Water Framework Directive 2000 (WFD) was a valuable attempt to establishing a large

transboundary cooperation framework, although the outcomes are not satisfactory in some aspects

due to the unrealistic timeframe and the lack of functional indicators [3,4]. The flawed performance

of the WFD also highlights the importance of a system with consistent administrative supervisions

and enforcements; for example, the United Kingdom, even Scotland itself, have their own detailed

assessment approaches [5–7]. In New Zealand and Australia, officials and scientists have also been

aware of the urgency and made remedial efforts to upgrade the existing protocols [8,9].

Understanding the meaning of river (lake) health is another obstacle for countries with goals

of sustainable development. Many researchers have been describing and debating the concept of

river (lake) health since the 1990s [10–14]. As usefully defined by Meyer [15], a healthy water body

can keep its ecological functions while maintaining the needs of the society. The models proposed

by Boulton and Lackey [12,16] provided an important point of view that the human use of rivers

does not automatically mean that the ecosystem health is being degraded. A healthy river (or lake)

should contain both ecological values (ecological integrity and resilience to stress) and human values

(social services and benefits). Therefore, ecological integrity is one part of a healthy ecosystem but

not the only part; the lack of human values might also be detrimental. Usually, ecological integrity

includes the physical, chemical, and biological components [17] and has long been treated as the major

(sometimes the only) aspect of freshwater assessments. Obviously, incorporating social indicators is of

significance, as detailed by Hanna et al. [18].

In the past decades, the health status of rivers and lakes in China has undergone significant

deteriorations due to urban development and the increasing water use. Severe outcomes, e.g., water pollution,

hydrologic mutation, the damaged physical structures, and the degenerated ecological diversity and

functions, have attracted wide attention from governments and researchers. For example, in the

2000s, the water pollution in Guangdong Province, one of the most prosperous region in China,

significantly affected the sustainability of the regional social economy while was rarely contained by

local officials [19]. The outbreak of blue-green algae in Wuxi, Jiangsu Province, in 2007 eventually

pushed the central government of China to establish a nation-wide system to contain pollution with

a consistent protocol [20]. This is the origin of the River Chief System (RCS) known by the public

nowadays. Since 2016, China has been fully implementing the RCS to build an efficient and productive

framework that involves not only administrative innovations but also refined scientific guidelines

to ensure the adequacy of specific evaluations. The principle of the RCS is using a hierarchical

administrative structure with well-defined responsibilities and accountabilities to avoid the inaction

of officials at different levels. Therefore, evaluating and improving freshwater health in China has

become an issue with intertwined political and scientific drivers that make the original working models

much less effective than expected. At the moment, China is still lacking a comprehensive evaluation

framework due to the vast regional differences and the insufficient administrative experience of

managing the massive RCS system. This study is conducted based on the request of the Department

of River and Lake Management of the Ministry of Water Resources of China in 2019. As stated, it is

essential to clarify the meaning and criteria of river/lake health and propose a systematic approach

that fits for the characteristics of the RCS to improve the freshwater health in China.

The objectives of this paper include: (1) Reviewing the relevant research on the RCS comprehensively

and providing a clear picture of its working mechanism; (2) comparing the best practices in China and

the rest of the world to highlight the key aspects that are ignored and the lessons learnt; (3) analyzing the

existing freshwater health indicators adopted by researchers and practitioners to help understand their

strengths and weaknesses; and (4) proposing a new evaluation framework for the future implementation
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within the framework of the RCS in China. The achievement made in this study will be integrated

into the new national standard to be issued by the Ministry of Water Resources of China. The specific

methods for field sampling and data collection, aggregation, harmonization, and integration are

beyond the scope of this paper.

2. Methodology

The literature review in this study is mainly focused on two aspects: The research on the RCS in

China, and the research and application of freshwater health indicators both in China and around the

world. Regarding the RCS, only published materials in English are reviewed in this paper to reach

a wider audience. Nevertheless, a large number of scholars in China have made significant contributions

by publishing articles in Chinese, which are recommended to be read extensively, if possible, for a better

understanding of the development of the RCS. Regarding freshwater health indicators, the authors

have collected most of the systematic and well-structured regional standards/guidelines in China,

which are either formal documents or unpublished drafts, by extensive data search and enquiry.

Data sources without a clearly defined indicator framework are not included. International frameworks

reviewed in this paper are restricted to those that have significant influence across the world and

have been well studied and improved. Therefore, the selected frameworks include the European

WFD and those applied in major English speaking countries, including the USA, the UK, Australia,

New Zealand, and Canada. The practices of other countries or regions are also reviewed but not

included. The indicators used by the reviewed materials are further summarized and analyzed later in

this paper to produce a new evaluation framework. In regard to data integration, similar categories,

sub-categories, or individual indicators that have different names are compared carefully in terms

of their definitions, and only the most widely adopted names are kept to avoid confusing readers.

For example, the term ‘physical habitats’ is used to replace all the similar terms like ‘forms’ or ‘physical

environments’; nitrogen-related indicators, e.g., total nitrogen and dissolved nitrogen, are all replaced

by the generic term ‘nitrogen’.

The methodology of this paper is also subjected to limitations. The detailed approaches to

determine the characteristic value of each indicator are not addressed so that this paper intends to

provide an overview of freshwater health evaluation instead of technical instructions. Furthermore,

the practical experience gained in the developed world, as well as the working model of the RCS, might

not be suitable for less developed countries or regions, as the tradition and awareness of preserving

water resources differ, and their needs for boosting economy are much more urgent. We argue that

protecting water resources and ecosystems does not automatically entail the sacrifice of economic

development, and it is also inequal to enforce the same level of restrictions to countries of different

levels of prosperity. More efforts should be made to facilitate the coordination of global sustainable

development under the framework of the UN’s SDG6.

3. River Chief System (RCS) in China

3.1. Recent Literature in English

The implementation of River Chief System has facilitated the effective integrated freshwater

management and water protection campaigns in China in the last decade and also attracted extensive

research interests both domestically and internationally. Dai [21] introduced the history of the River

Chief System and provided a perspective to the water governance in China as well as what role

formal laws have played during the transition to the RCS. Huang and Xu [22] argued that the public

participation of RCS mainly depends on local government, which, although ensures effective integration

of resources, might impede the real public participation and supervision due to the political complexity

of water governance in China. Wang et al. [23] stated that, although RCS can improve the work efficiency

of water governance in the short-term, more efforts are still needed to the problems of organizational

logic and the responsibility dilemma that remain due to the persistence of vertical coordination of the
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hierarchical system. Liu and Richards [20] summarized the structure of the RCS and the progress of

implementation and identified future challenges. Similar to Wang et al. [23], Liu and Richards [20]

also pointed out the flaw of the existing RCS regarding trans-regional collaboration and accountability.

Liu et al. [24] presented a case study of Foshan in Fujian Province and showed that the RCS could

establish a considerably sophisticated and effective management structure. More recently, Wang and

Chen [25] argued that the institutional context and motivations are the external conditions influencing

the collaborative governance regime and thus the outcomes of the RCS. In general, numerous studies

in recent years have noticed and identified the internal flaws of the existing RCS that may influence its

sustainability and efficacy in the long-term. Compared with the water governance policies in many

other western countries (e.g., USA, UK, Australia, and New Zealand), the political and administrative

complexity of China makes it necessary to come up with a more structured and practical approach to

management the River/Lake Chiefs at different levels and assess their performances.

3.2. Policy

As summarized by Wang and Chen [25] the institutional context of China contains three major

elements: The centralized political authority [26], the party-state hierarchy [27,28], and the cadre

responsibility system [29]. This context enables the central government of China to play the role of

‘policy issuer’ while maintaining sufficient authority of enforcement at different administrative levels

through a top-down performance assessment structure. Since the full implementation of the RCS in

2016, the central government (mainly the Ministry of Water Resources) has issued multiple instructive

documents in regard of the responsibility, accountability, major problems to be addressed, and the

principle of assessing the performance of Chiefs [30–32]. Meanwhile, the local governments (mainly in

provincial level) are responsible for making their own regulations under the prescribed framework

due to the absence of national legislation for the RCS. In contrast, many western countries tend to

leave water resources management relying on a relatively flat structure by establishing managerial

agencies at the level of individual river basins, which is partly due to the lack of central authority.

For example, the European WFD provides motivations to initiate waterways monitoring programs as

well as directions for its EU member states on data processing and reporting so that their results will be

comparable. However, the duties of managing specific river basins, e.g., Rhine River Basin, still belongs

to relatively independent organizations like The International Commission for the Protection of

the Rhine against Pollution (ICPR), which is co-chaired by ministers from stakeholder countries.

This working model is more about cross-border collaboration and coordination and is obviously not

suitable for China that needs a well-defined procedure for top-down supervision.

3.3. Assessing the Performance of Chiefs

By the end of 2018, RCS had been established and fully implemented in all the 31 provinces

and regions in China with over 300,000 River (Lake) Chiefs being appointed at provincial, municipal,

county, and township levels. Thus, as mentioned above, it is necessary to build a comprehensive

and effective approach to assess the performance of those River (Lake) Chiefs, and this approach is

much different to the assessment of freshwater health itself that is mainly determined by scientific

criteria. More considerations are raised due to the political and administrative complexity of the RCS.

The transition from ‘rule by men’ to ‘rule by law’ [25] entails not only assessing to what extent the

RCS has been established and supervised by the heads in different administrative levels, but also

how intertwined scientific and political requirements are satisfied during this implementation process.

Therefore, a practical and straightforward assessment approach was urgently needed and have been

proposed accordingly based on the existing outlines [33], as summarized in Table 1. This approach was

officially released in 2019, and, together with the freshwater health scoring approach to be discussed

later in this paper, comply well with the principle of using quantifiable measures for assessments.

We also believe this approach can be well applied in other countries after adaption.
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Table 1. The approach to assessing the implementation of the River Chief System (RCS) with detailed scoring criteria.

No. Tier-1 Categories Tier-2 Categories Scoring Criteria

I

Building RCS
hierarchy and
organizations

(25 points)

1. Establishment of RCS heads in provincial, municipal, county
and township levels. (4/25)

• Establish provincial Chiefs and announcement (newspaper, television, internet, etc.) (1/4)

• Establish municipal, county and township Chiefs and announcement (newspaper, television, internet, etc.) (3/4)

2. Establishment of River Chiefs and announcement. (9/25)

• Duty assignment for rivers/lakes in provincial level and announcement (newspaper, television, internet, etc.) (3/9)

• Duty assignment for rivers/lakes in municipal, county and township levels and announcement (newspaper,
television, internet, etc.) (6/9)

• Deduct all the Establish provincial Chiefs and announcement (newspaper, televisionscores if any one of the River
(Lake) Chiefs is not established properly.

3. Establishment of RCS offices and administrative system.
(9/25)

• Employment of full-time and part-time RCS staffwith a valid contract; staff in position. (6/9)

• Sufficient work fund. (1/9)

• Appropriate workplace and signage (2/9)

4. Set-up of RCS information notice boards. (3/25)

• Notice boards showing the duties and information of River (Lake) Chiefs, basic conditions of rivers/lakes, and
contact information. (3/3)

• Spot check shall be performed for at least ten sites; information should be updated up to one month after the
appointment of new chiefs.

II

Building RCS
regulations and

mechanism
(15 points)

5. Establishment of RCS regulations in provincial, municipal
and county levels. (4/25)

• Establish, announce and implement RCS rules in provincial, municipal and county levels, including chief meeting,
information sharing, information reporting, supervision, accountability/incentives, and acceptance inspection.

6. Establishment of organizational mechanism (8/25)

• Coordination mechanism between different departments. (4/8)

• Public participation (supervision, volunteering, photographing, education, scientific popularization, etc.). (2/8)

• Capital investment mechanism. (2/8)

7. Determination of responsibility and accountability (3/15)
• In provincial level. (1/3)

• In municipal and county levels. (2/3)

III

Duties performed
by River Chiefs

(12 points)

8. Main issues (8/12)
• RCS meeting for work deployment and actions (4/8)

• RCS meeting for coordinating main issues and supervision. (4/8)

9. Daily issues (4/12)
• Sufficient patrol and inspection; problems are spotted and addressed. (2/4)

• Appraisal of subordinate chiefs and RCS departments. (2/4)
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Table 1. Cont.

No. Tier-1 Categories Tier-2 Categories Scoring Criteria

IV

Organizational
works

(16 points)

10. Supervision and appraisal (6/16)
• Supervising subordinate chiefs and RCS department; works are improved; inaction and default are punished. (3/6)

• Appraisal scheme is available; outcome is considered when assessing the performance of local government. (3/6)

11. Basic works (6/16)

• Compiling, printing and issuing RCS policy documents in provincial level. (2/6)

• Establishment of river/lake archive. (1/6)

• Establishment of the RCS information system. (3/6)

12. Publicity and training (4/16)
• Publicity in provincial, municipal and county levels (television, internet, newspaper, social media, etc). (2/4)

• Training of RCS staff at different levels. (2/4)

V

The outcome of
water protection
and management

(32 points)

13. Water quality of rivers, lakes and centralized drinking water
sources (9/32)

• The ratio of surface water areas of good quality meets the national criterion. (3/9)

• The ratio of surface water areas of bad quality meets the national criterion. (3/9)

• The ratio of drinking water sources (municipal level or beyond) of good quality meets the national criterion. (3/9)

14. Remediation of odorous urban water (4/32) • Over 90% of odorous water bodies in urban areas are eliminated. (4/4)

15. Protection of shoreline and riparian zone (9/32)

• Over 80% of illegal occupation, mining, piling and construction are eliminated; works accomplished are archived;
appropriate shoreline and riparian management plan are available. (6/9)

• Administrative zones are determined. (3/9)

16. Integrated management of ecosystem (5/32)
• Integrated ecosystem remediation works are implemented at the provincial level. (2/5)

• Contamination management of aquaculture, rural waterway and waste, and livestock breeding. (3/5)

17. Public satisfaction (5/32) • Public satisfaction >90% (5/5); >80% (4/5); >70% (3/5); >60% (2/5); >50% (1/5); <50% (0/5).
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4. Integrated Indicator Framework

Evaluating the health status of freshwater also heavily relies on the establishment of a practical and

comprehensive scientific framework based on the best practices around the world. In this study, we aim

to investigate how ecological and non-ecological indicators are adopted and incorporated in different

regions of China and other major western countries with substantial experience. A comprehensive

data and literature research are therefore conducted and will be presented in detail in this section.

4.1. Data Sources

Although the River Chief System has already been established across the country, the lack of

a nation-wide operational standard forced the local government to resort to their existing experience or

routines for implementing assessments; those routines usually show enormous inconsistency and even

contradiction sometimes. Currently, only a few standards have been issued officially in provincial

or municipal levels, while some other regions still rely on “drafts”, “trial documents”, or informal

manuals that are subjected to many limitations. Table 2 summarized the existing regional standards,

guidelines, and specifications being used in China [34–48]. Furthermore, we also reviewed the

frameworks implemented in some major western countries for comparative analysis, such frameworks

including the United States (National Aquatic Resources Surveys (NARS)) [49–51], New Zealand

(Cawthron’s Freshwater biophysical ecosystem Health Framework) [9], Australia (Integrated Ecosystem

Condition Assessment) [8], and the United Kingdom (Common Standards Monitoring Guidance for

Rivers/Lakes) [5,6]. Some other national or regional frameworks known by the public (e.g., Canadian

Aquatic Biomonitoring Network (CABIN), the Murray-Darling Basin Sustainable Rivers Audit of

Australia, and the National Environmental Monitoring and Reporting of New Zealand) are also

reviewed but are not included in this section as they only focus on limited aspects of freshwater health

or are relatively outdated and have been superseded in their own countries. More details can be

found in [52–55] regarding those frameworks. It should also be noted that although the European

Water Framework Directive (WFD) streamlines the legislation across Europe and provides guidance to

member states on what component indicators are necessary (i.e., biological quality, hydro-morphology,

and physicochemical attributes), the implementation is still inconsistent and varies widely from

country to country. Therefore, in this study, we only selected the UK guidelines as representatives as

they have been widely accepted and well examined. The overseas frameworks included in Table 2

are the best practices in the corresponding countries and have been well revised and modified for

better effectiveness.

Table 2. The national, regional, and industrial standards, guidelines, and specifications used for

summarizing the existing freshwater health indicators.

Source Abbr.

Local Standard of Beijing City: DB/11T 1722/2020
Technical regulations for ecological health on aquatic ecosystem assessment [34]

DB11

Local Standard of Liaoning Province: DB21/T 2724/2017
Liaoning provincial evaluation guidelines for river and lake (reservoir) health [35]

DB21

Local Standard of Jiangsu Province: DB32/T 3674-2019
Specification for ecological river and lake status assessment [36]

DB32

Local Standard of Suzhou City: DB3205T 2019
Indicator system of river and lake health assessment (Unpublished draft) [37]

DB3205

Local Standard of Shandong Province: DB37/D 3018-2017
Shandong provincial evaluation standard for ecological river [38]

DB37

Report of Zhejiang Institute of Hydraulics and Estuary
Evaluation of main rivers and lakes in Zhejiang Province [39]

ZJ
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Table 2. Cont.

Source Abbr.

Report of Fujian Normal University:
Indicators and methods for assessing river health in Fujian Province [40]

FJ

Report of Guizhou Normal University:
Guideline for assessing river (lake) health in Guiyang City [41]

GY

Standard of China Association for Engineering Construction Standardization:
Technical Guidelines for Evaluating Water Quality of Urban Rivers and Lakes (draft) [42]

CECS

Draft of Ministry of Water Resources (for consultation purpose):
Guideline for river and lake health assessment [43,44]

SL

Report of Ministry of Water Resources:
Indicators, standard and method for assessing river and lake health (for pilot work) [45]

2010

“Happy River” indicators of Ministry of Water Resources (internal documents) XFH

The United States Environmental Protection Agency: National Aquatic Resource Surveys [49–51] USA

Cawthron Institute report prepared for Ministry for the Environment, New Zealand:
Freshwater Biophysical Ecosystem Health Framework [9]

NZ

Australian Department of the Environment and Energy:
Aquatic Ecosystems Toolkit. Module 5: Integrated Ecosystem Condition Assessment [8]

AU

The United Kingdom Joint Nature Conservation Committee (JNCC):
Common Standards Monitoring Guidance for Rivers/Lakes [5,6]

UK

4.2. Key Components of an Evaluation Framework

After reviewing the documents listed in Table 2, we summarized the core components of

a freshwater health framework, as shown in Table 3. The definition of a healthy freshwater ecosystem in

New Zealand is stated by the National Policy Statement for Freshwater Management (NPS-FM) [56] as

that reflects the importance of physical and chemical as well as biological elements of ecosystems. In the

United States, NARS divides the basic indicators into four categories: Biological, physical, chemical,

and recreational; the last category is a measurement of the pathogen and pollutant substances that can

threaten people’s wellbeing during recreational activities. The UK and Australian guidelines [5–8]

further introduced more indicators in regard to social services; the former concerns more about the

direct disturbance to human beings while the latter about the social functions and values provided.

In general, biophysical ecosystem health can be represented by a measure of ‘ecological integrity’ [9],

but it is only one part of an assessment of the ability of a freshwater ecosystem to support multiple

freshwaters values. Even for ecological integrity itself, a well-balanced assessment cannot be achieved

by a single biophysical measure because an ecosystem is a complex network of interacting biological

communities and their physical environment. Therefore, the core components of a freshwater health

framework should include the following sectors: Aquatic life (fauna, flora and microbes), water quality

(physio-chemical features and pathogens), water quantity (hydrology), physical habitat (forms),

ecological processes, and, as mentioned above, social services and values. Specifically, “ecological

processes” are the interactions among aquatic lives and their environment and can be represented

by a series of individual indicators in other categories to suggest the status of dynamic biochemical

processes [57,58]. The assessment of ecological processes entails advanced knowledge and experience

and may be relatively more difficult than other categories.

It should also be noted that, as discussed previously, the unique administrative hierarchy in China

make freshwater health a political mission that is directly related to the performance of local officials.

Therefore, water governance indicators should also be included in this framework with quantifiable

items and practical calculation methods.
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Table 3. Indicator categories of a freshwater evaluation framework and definitions.

Category Criteria for Being “Healthy”

Ecological
integrity

Physical habitat
The physical form and extent of the water body and the surrounding
riparian areas are capable of supporting diverse flora and fauna throughout
their life cycle.

Water quality
The physical and chemical properties as well as other components of the
water body are in natural status and may support diverse flora and fauna.
For example, contaminants are scarce or absent.

Water quantity

The water level, extent and flow regime are sufficient to support diverse
flora and fauna during their full life cycle. As defined by Clapcott et al. [9],
‘flow regime’ includes the floods and droughts that ensure the surface water
connectivity between the fresh waters and surrounding terrestrial habitat
and other freshwaters (e.g., rivers and their floodplains, and wetlands), the
regulation of biotic production and diversity, and that shape the morphology
of physical habitat.

Aquatic life
A diverse range of native species of flora and fauna persist; invasive alien
species are scarce or absent; rare native species can be seen.

Ecological
processes

The normal interactions among aquatic lives and their environment persist
(e.g., metabolism) with an optimized level of organic matter cycling, e.g., the
retention, transformation and uptake of carbon and other nutrients.

Social services / values

A healthy water body can provide a wide range of non-ecological functions
and benefits to human beings and the society, including cultural services
(e.g., recreation and aesthetic beauty), provisioning services (e.g., water
supply and aquaculture), regulating services (e.g., flood protection), etc.

Water governance
A healthy water body entails a set of managerial protocols that can
effectively facilitate the implementation of specific water protection activities
and more efficient water governance in different administrative levels.

4.3. Comparison

Table 4 shows the detailed comparison of indicators used by the standards and guidelines

summarized in Table 2. The following issues should be noted:

• For the four overseas frameworks included, only the Australian guideline introduced social

service indicators. The recreation indicators used by NARS are actually still biological and

physio-chemical indicators or pathogens and could be more reasonably integrated into those

corresponding categories.

• Many standards in China (e.g., Jiangsu, Shandong, Fujian, and Suzhou City) suggest referring to

other national standards (GB3838-2002: Environmental quality standards for surface water;

SL395-2007: Technological regulations for surface water resources quality assessment) for

instructing water quality assessment. We also recommend this approach as those two water

quality standards have been well examined during practices.

• “Ecological processes” is a relatively abstract and unintuitive concept compared with other

categories and is only recommended by New Zealand’s framework. Each ecological process can

actually be represented by the values of specific physio-chemical or biological indicators, e.g.,

nutrient loads and BOD5.

• Zoning indicators include: (1) The classification of water function zones that will be discussed

later in this paper; (2) the clarification responsibilities; (2) and (3) the implementation of water

quality management in different water function zones.

By comparison, we find that 11 indicators are mentioned over 10 times, including riparian

vegetation coverage, dissolved oxygen, eco-water (environmental flow), water mobility and

connectivity, riparian naturalness, macroinvertebrate, phosphorous, ammonia or nitrate, heavy metals,

flood protection, and zoning indicators. The most significant distinction between Chinese standards

and overseas frameworks will be further discussed in the following section.
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Table 4. Comparison of indicators of different frameworks, guidelines, and regional specifications. The dots show in which framework the inidicators are adopted.

Category Sub-Category Indicator DB11 DB21 DB32 DB3205 DB37 ZJ FJ GY CECS SL 2010 XFH NZ AU UK USA Total

Physical habitat

Shape Bank/channel form & stability
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Substrate

Substrate stability
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Connectivity
Water mobility & connectivity
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Riparian
Riparian naturalness
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Other

Naturalness of water area & form

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

4

Erosion & sedimentation
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⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫
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Table 4. Cont.

Category Sub-Category Indicator DB11 DB21 DB32 DB3205 DB37 ZJ FJ GY CECS SL 2010 XFH NZ AU UK USA Total

Pathogen
E. coli

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

? 4

Enterococci

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

1

Water quantity

Magnitude
Water depth & area

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

4

Water volume

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

1

Discharge & velocity

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
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Flow

Eco-water (environmental flow)

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

12

Mean (annual) flow

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

1

Long-term and seasonal variability
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Flood and
drought

Flood occurrence
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Drought occurrence
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Aquatic life
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Fauna diversity
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Invasive species
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Rare species
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Social service

Flood protection
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Scenic & aesthetic
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Culture & history
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Sensory & human comfort
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Table 4. Cont.

Category Sub-Category Indicator DB11 DB21 DB32 DB3205 DB37 ZJ FJ GY CECS SL 2010 XFH NZ AU UK USA Total
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Disturbance to society
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Utilization of water resources
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⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

1

Sewage regulation
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Ecological processes
Biota interaction & food web
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Ecosystem metabolism
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⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

2

Organic matter processing

 

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫
⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫
⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫ ⚫

⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫ ⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫ ⚫

⚫
⚫ ⚫ ⚫

1
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4.4. Indicators Highlighted

Based on the comparison of detailed indicators shown in Table 4, the major difference between those

widely used in China and in major western countries are mainly non-ecological indicators, e.g., social services

and water governance indicators. This difference is attributed to the different social cultures and

administrative structures between China and western countries. The adoptions of ecosystem-related

indicators are generally similar and consistent, as mentioned in the last section. This section discusses

the details of those discrepancies as well as how those indicators are adapted in China.

4.4.1. Indicators of Social Services and Values

Current frameworks used by major countries across the world have paid much attention to

ecological values when evaluating the health status of rivers, lakes, and wetlands. In contrast,

very few countries have made attempts to include human values. The Australian Integrated Ecosystem

Condition Assessment (IECA) [8] recommends to include cultural, regulating, and provisioning

services in the evaluation process but does not provide detailed indicator sets. The National Aquatic

Resource Survey (NARS) of the United States [49–51] uses four indicators (Algal toxins, Cyanobacteria,

Enterococci, and fish tissue contaminants) to assess the status of recreational functions, but does not

pay much attention to the broader concepts of human values. In general, although a few studies have

emphasized the importance of social services, more works are still needed to convert the existing

research accomplishments of scientists to guide the actions of governments and authorities.

The first systematic attempt to define human services was made by the Millennium Ecosystem

Assessment [59]. In this report, ecosystem services are divided into four categories, including cultural

ecosystem services, provisioning ecosystem services, regulating ecosystem services, and supporting

ecosystem services; the first three categories resemble those prescribed by the Australian IECA

guideline. Specifically, cultural ecosystem services include non-material benefits such as recreational

activities (e.g., swimming), the aesthetic beauty of rivers, and their spiritual significance among many

communities. Provisioning ecosystem services include the products obtained, e.g., drinking water

supply, fish, etc. Regulating ecosystem services include the benefits obtained from the regulation such

as erosion prevention, pollution reduction, and flood protection. Furthermore, supporting ecosystem

services include processes that help the production of other services, such as nutrient cycling and

habitat provision, which are closely related to specific water quality indicators. As a recent and

representative study, Hanna et al. [18] systematically reviewed 89 relevant studies and summarized

the human services provided by rivers. It is found that the most studied and discussed social services

are recreation and tourism and water supply that can provide visible monetary benefit. Regarding the

categories, provisioning and regulating indicators have been much more studied than the other two

categories (cultural and supporting). However, in China, more attention has been paid to flood

protection engineering and public satisfaction as those measures can be more easily quantified and

related to the performance of officials. Therefore, it is essential to combine the most emphasized

indicators both in China and overseas to build a refined social services indicator set.

4.4.2. Indicators of Water Governance

As mentioned previously, one distinct feature of evaluating freshwater health in China is the

close connection between science and politics. The establishment of the River Chief System facilitates

the clarification of the responsibility and accountability of local government officials, who, however,

lack the necessary scientific background and expertise to actively engage with and manage the specialist

teams and track their performances. The political structure and hierarchy in China could not grant

sufficient authority to any stand-alone managerial committee that supervises the condition of specific

water bodies. Therefore, introducing a set of water governance indicators is obviously necessary

and may assist the local RCS heads (i.e., Chiefs) to involve with the detailed scientific programs in

a practical and concise way.
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One of the most typical water governance indicators is the water condition in different water

function zones, which enable the RCS heads to gain a general understanding of the spatial-temporal

distribution of health status without going through too many details. The definition of water function

zones in China is prescribed by the Ministry of Water Resources [60] according to the purpose of water

usage, as shown in Table 5. Many existing standards in China (see Table 4) only implicitly prescribed

that “water quality status should meet the criteria in different water function zones”. The criteria in

Table 5 should be widely used for the classification of main water areas in China and clearly suggest

the suitable working objectives of Chiefs in different regions.

Other water governance indicators in Table 4 are also closely related to the operation of the RCS

and are rarely used by common guidelines oversea.

4.4.3. Indicators of Ecosystem Resilience

The definition of resilience shows significant ambiguity regarding the restoring capability of an

ecosystem and usually to some extent overlaps with some other individual indicators that can be more

explicitly measured or quantified. Resilience is a measure of persistence; ecological resilience measures

the magnitude of disturbance that a system can absorb before it undergoes changes in structure and

function [61]. As stated by Davies et al. [54], ecosystems incorporate the properties of the living and

non-living components with “emergent properties”, e.g., diversity and resilience. Those properties

are more like attributes of the system rather than its components and cannot be directly observed or

measured intuitively. A typical ecosystem health monitoring may examine components and processes

that are sensitive to disturbances over a range of spatial-temporal scales [13]. Those disturbances might

include losses of native flora and fauna, and the invasion of alien species may further complicate

the conditions. For example, Scotland’s Environment Protection Agency (EPA) uses the condition of

peatland and the number of a few alien species (e.g., grey squirrel and American mink) to determine

the recovery capacity of an ecosystem. Another approach is to monitor the products of ecological

processes operating over a range of scales [62], e.g., dissolved oxygen and chemical oxygen demand

(COD), which are also key components of water quality monitoring. Although being of scientific

significance, using resilience indicators needs balanced scientific judgement and may unnecessarily

complicate the evaluating process. The tradeoff between science and administration is one of the core

components of the RCS, and thus the formal application of resilience indicators might not be suitable

but can provide supplementary information for experts.

4.4.4. Eco-Water (Environmental Flow)

Eco-water, or environmental flow, is another key indicator to measure the level of satisfaction

of water quantity needed for maintaining the basic ecosystem functions and processes. A large

number of studies has been published in recent two decades regarding this topic. Tharme [63]

provided a comprehensive review of the concept of environmental flow as well as the existing

environmental flow methodologies around the world. The methodologies can usually be divided

into four categories: Hydrological, hydraulic rating, habitat simulation, and holistic methodologies.

Specifically, hydrological methodologies that rely on arbitrary low flow indices are the most widely

applied and easy-to-use category. Kuriqi et al. [64,65] provided new insights into the interaction

between hydropower energy yields and environmental flow, as well as the needs for maintaining

the balance of the ecosystem. Although the European WFD does not use the term “environmental

flow” explicitly, the required biological status can only be achieved when the necessary hydrological

regimes are maintained [66]. The UK also has set environmental standards for water abstraction

limits and appropriate water release from reservoirs. Poff and Zimerman [67] reviewed the relevant

publications in the last decades and emphasized that the risk of ecological deterioration may increase

with increasing magnitude of flow alteration. Many studies [68–70] have also paid attention to the

significance of environmental flow for water governance.
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Table 5. The definition and classification of water function zones under the framework of the RCS in China.

Tier-1 Category Tier-2 Category Description

Protection zone
A protection zone is a water area of significance for the protection of water sources, drinking water, nature reserves, scenic
locations, and the protection of rare and endangered species. It is prohibited to build, rebuild, expand, or engage in water-related
activities that are not related to protection within the core areas of nature reserves and tier-1 water source areas.

Reservation zone
A reservation zone is a water area reserved and protected for future development and water resources utilization. Activities that
may have a significant impact on water quantity, water quality, and water ecology should be strictly limited and managed.

Buffer zone

A buffer zone is a water area designated for the following purposes: (1) coordinating water-use relations among provinces and
areas with prominent conflicts of benefit; (2) connecting inland/marine zones and protection/development zones that are
designated for different purposes. In a buffer zone, all types of water-related activities should be strictly managed to prevent
adverse effects on adjacent water function zones. All water-related activities that may be detrimental to the protection of water
functional areas in the buffer zone at the provincial boundary shall be notified to the basin management agency in advance.

Development zone

Drinking water zone

A drinking water zone is a water area delimited or reserved for providing drinking water for urban and rural areas. In the areas
that have been supplying water, further protection areas should be delimited for subsided water sources to preserved the water
quality and volume. It is prohibited to build, rebuild or expand any types of sewage outfalls. In the areas reserved for future water
use, the discharge of pollutants should be strictly controlled, and no new discharge into the river is allowed.

Industrial water zone
An industrial water zone is an area designated to meet industrial water demand. Priority should be given to the specified water
usage, and any type of water intake should be strictly managed. Any installation of sewage outfall should not influence the water
quality required for the specified zonal functions.

Agricultural water zone
An agriculture water zone is an area designated to meet the water demand for irrigation. Priority should be given to the specified
water usage, and any type of water intake should be strictly managed. Any installation of sewage outfall should not influence the
water quality required for the specified zonal functions.

Fishery zone

A fishery zone is an area designated for protecting aquatic life (e.g., fish). The basic water demand for fishery should be
maintained, and important physical environments (e.g., habitats for natural species, spawning beds, wintering beds, feeding
grounds and migration passages) should be protected. Water pollution should be strictly controlled by the units and individuals
engaged in aquaculture.

Scenic and recreation zone
A scenic and recreation zone is the area designated to meet the needs of landscape, entertainment, and various leisure activities.
Any activity shall not influence the water quality status in the area.

Transitional zone
A transition zone is an area designated to connect adjacent function zones with different water quality requirements. Transition
zone should be managed to guarantee the water quality in the downstream function zone. Any water-related activity that may
damage the self-purification capacity of the water body should be strictly controlled.

Sewage control zone
A sewage control zone is the area designated to receive intensive domestic and industrial wastewater while restraining the
adverse impacts on the functions of downstream zones.
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In China, most of the regional standards and guidelines reviewed in this study adopt

eco-water/environmental flow methods to evaluate the health status of local rivers and lakes (see Table 4).

Considering the difficulty of introducing complex methodologies within the framework of the RCS,

a certain level of simplification is required. Currently, the standard issued by the Ministry of Water

Resources of China [71] provides a simplified scoring method, based on the ratio of the minimum daily

averaged discharge to the multi-year average discharge in the corresponding period. The final score is

determined by calculating the lowest score in the periods of October to March and April to September,

respectively. This approach, with the further involvement of aquatic life indicators, may reflect the

local ecosystem-related hydrological conditions and is thus recommended to be carried on to the

new framework.

5. Discussion

5.1. Lessons Learnt

5.1.1. Well-Defined Objectives and Motivations

A strong policy driver from authorities may provide the purpose for, and clear direction on, setting

well-defined and descriptive objectives for regional water governance and specific monitoring and

reporting activities. This driver is essential for maintaining the long-term sustainability and consistency

of the existing framework. For example, the European Union’s WFD has stated that the objectives are

protecting and enhancing the health of aquatic ecosystems while successfully maintaining social and

economic systems [72]. As requested, all European Union member states should achieve at least ‘good

ecological status’ for all ‘natural’ water bodies by 2015 and at the latest by 2027. Although being too

strict regarding the timeframe, the WFD’s objectives have facilitated the comprehensive implementation

of freshwater surveys and thus successfully obtained a large dataset for scientific judgement and

further policy adjustment. In the USA, the objective of the Clean Water Act is restoring and maintaining

the chemical, physical, and biological integrity of the waters, and thus the aims of the National Aquatic

Resource Survey (NARS) is to provide robust data to help the corresponding assessments. In China,

as defined by the central government, the main objectives of water governance at the current phase

include mitigating human disturbance to water bodies (e.g., illegal mining, occupation, disposing,

and constriction), enhancing local and regional regulations, and improving the public satisfaction

and people’s living quality. Therefore, the RCS was established accordingly to build a hierarchical

administrative structure with clear responsibility and accountability. In general, the detailed approach

for implementation should fit for the high-level goals set by authorities.

5.1.2. Comprehensive and Practical Indicator Metrics

Using a wide range of indicator metrics ensures that all essential aspects of ecosystem health are

addressed. For those well-accepted frameworks outside China, biological (aquatic life) indicators are

the core components that also reflect the need to measure the combined response to multiple pressures

in a catchment. Those indicators are usually assessed in addition to water quality and habitat indicators

and sometimes water quantity and ecosystem processes. As a result, the status of ecological integrity

can be accurately assessed, but social values are rarely mentioned. In contrast, the previous practices in

China overemphasized the importance of administration and management while not treating different

aspects of an ecosystem as a dynamic entity.

Furthermore, during the establishment and implementation of the RCS in China in recent years,

we found that the most complained part of the initial RCS framework is that the poorly trained local

RCS heads had to be held accountable for what they did not fully understand. Overstretching the

scientific aspect does not automatically lead to a better outcome.
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5.1.3. A Standard Data Acquisition and Analysis Protocol

A standardized data approach ensures the consistency of evaluation results, which is crucial to

the nation-wide implementation of the RCS. Some overseas frameworks (e.g., NARS and CABIN)

are based on standardized approaches including field survey design, data collection and processing,

and reporting. Some other frameworks (e.g., European WFD and the UN’s SDG 6) integrate data from

different methods and make comparisons by data harmonization. In New Zealand and Australia,

scientists have also been making efforts to establish standardized measurement protocols, but more

works are still required on determining how to incorporate different components of river health into

assessment programs in terms of network design and reporting [9]. Therefore, we intend to propose

a functional and standardized protocol that is suitable for the RCS in China, which will be discussed in

detail in the next section.

5.1.4. Adaptability

An adaptable framework is capable of adjusting or “upgrading” itself through a structured

and iterative process that supports robust decision-making in the face of uncertainty. This feature is

especially crucial for a country with typical hierarchical administrative structures that might cause

unintended delay during decision-making. As a national standard, the indicator framework proposed

in this study (see following sections) that is about to be officially issued this year will be reviewed and

revised as a routine of two years.

5.2. A New Evaluation Protocol

As mentioned previously, a new protocol is proposed in this study to fit for the nation-wide

implementation of RCS in China, which is displayed in Figure 1. This protocol is now going through

the consultation process and will be officially issued by the end of 2020. Figure 1 shows the three

core components of the protocol, including technical preparation, survey and monitoring, and report

preparation. Specifically, “technical preparation” provides detailed instruction for preparing for field

operation and data acquisition, and this sector is beyond the scope of this study. The following section

will present and discuss the newly proposed indicator framework used as the core component of

“survey and monitoring”. In addition, the results in the complied final report will be concise and

understandable to non-experts and can be used to support the assessment of Chiefs.

 

 

 

Figure 1. The new evaluation protocol proposed for nation-wide implementation in China.
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5.3. Modified Indicator Framework

Table 6 summarizes the refined indicator framework to be adopted in China as well as the details

of data sources and collection method. More specific sampling and testing methods are not discussed

in this paper as they are beyond the scope of this study. It can be found that the indicators are classified

into three main categories: ecological integrity, social service and water governance. Specifically,

ecological integrity can further be classified into four sub-categories (physical habitat, water quantity,

water quality and aquatic life) based on the existing experience and best practices around the world.

We recommend that the assessment of water quality follows the existing national standard

implemented in China (GB3838-2002 and SL395-2007) [46,47] instead of building another new

protocol, as the existing practices have been proved efficient with the reliable outcome. Specifically,

GB3838-2002 [46] provides an extensive list of the substances (and threshold values) to be examined for

general surface waters and, more importantly, centralized drinking water sources. The included items

are more comprehensive than most of the overseas guidelines, and the testing can be conducted by the

existing specialized agencies to produce concise reference reports for decision-making officials or Chiefs.

SL395-2007 [47] provides an extra composite measure for lakes to determine the degree of eutrophication

based on s series of individual water quality indicators (e.g., total nitrogen, total phosphorous,

chlorophyll a, permanganate, clarity, etc). Those two standards have also been adopted by some

pioneering provinces in China, e.g., Jiangsu, Shandong, and Fujian Provinces (see Table 4). Therefore,

a seamless transition to the new nation-wide framework can be accomplished and save administrative

resources significantly. Furthermore, the calculation of eco-water (environmental flow) demands can

be made based on the existing standard [71]. The daily averaged discharge for rivers or daily averaged

water level for lakes are compared with the calculated minimum demands to evaluate to what extent

the necessary environmental flows are satisfied.

As shown in Table 6, weights (in parentheses) are assigned to each category and sub-category.

A general health score will firstly be given to each selected river (lake) section. The determination of

the score is based on weighted averaging approach. The equation can be expressed as:

RHIi =
∑m

m=1

{

WCm ×
∑n

n=1

[

WSn ×
∑k

k=1
(WIk ×Gk)

]}

(1)

where RHIi = the general health score of the ith river (lake) section, Wk = the weight of the kth indicator,

Gk = the score of the kth indicator, WSn = the weight of the nth sub-category, and WCm = the score of

the mth category.

For the entire river or lake, the final score is averaged based on the score at each section,

whose weights are determined by the corresponding ratio of length (for rivers) or area (for lakes).

The equation for the final score can be expressed as:

RHI =

∑Rs

i=1
(RHIi ×Ai)
∑Rs

i=1
Ai

(2)

where RHI = the final score of a river (lake), Ai = the length (area) of the ith river (lake) section,

and Rs = the amount of the total sections. Based on the final score, a certain river or lake can be

categorized as “very healthy” (RHI′′ 90), “healthy” (75 ≤ RHI < 90), “subhealthy” (60 ≤ RHI < 75),

“unhealthy” (40 ≤ RHI < 60), or “hazardous” (RHI < 40).

5.4. Limitation and Future Development

It should be mentioned that the main limitation of the new framework is the over-simplification

of some indicators (e.g., eco-water/environmental flow) for the convenience of implementing the

RCS by non-experts. Furthermore, those more sophisticated indicators (e.g., ecological processes and

ecosystem resilience) excluded from the framework should not be ignored by researchers, as they

can better reflect the freshwater health as a dynamic status with multiple interrelated constituents.
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Adopting a simplified framework does not imply that the scientific principles are compromised; on the

contrary, ongoing research should be carried out to monitor the efficacy of the framework and make

adjustments accordingly.

Although the RCS has been proved as an effective system to manage freshwater resources and

improve the health status, challenges still exist due to the fast urbanization in China and the increasing

pollutant emission and water consumption, which may significantly influence people’s lives. The future

development of the RCS should be based on the essential goal that freshwater health status meets

people’s expectation for an enjoyable living environment, which is obviously more fundamental than

any “index” or “grade” that describe the condition of water bodies in an unintuitive way. Some pilot

works [73] have been done to explore a method to quantify the sensory aspect of rivers and lakes.

In 2019, the Ministry of Water Resources in China had also set the objective of the RCS as “unblocked

rivers, clear waters, green banks, beautiful scenery, people in harmony”. Priority will be given to

a few cities, regions, and catchments of significance to build healthy freshwater ecosystems that meet

ecological, sensory, and safety demands under the framework of the RCS; those examples can further

be the role models for the rest of China.
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Table 6. The proposed new indicator framework. The weights for categories and sub-categories are shown in parentheses.

Category Sub-Category Indicator Selection More Description Data Source

Ecosystem
integrity

(0.7)

Physical habitat
(0.2)

Water connectivity Optional Instream obstructions (rivers) and incoming discharge (lakes) Engineering record; field investigation; remote sensing

Riparian naturalness Mandatory Bank stability and vegetation coverage

Field investigation; remote sensingRiparian widenessR Optional Width during the dry season

Lake shrinking ratioL Mandatory Compared with the area in the 1950s

Water quantity
(0.15)

Eco-water satisfaction Mandatory Follow SL/Z 712-2014

Hydrologic monitoring live data; on-site monitoring; the
historical records

Water quantity
mutation

Optional
Use monthly surface discharge deviation for rivers
Use monthly incoming discharge deviation for lakes

Water quality
(0.15)

Water quality Mandatory Follow GB3838-2002 and SL395-2007 [46,47]

Local water quality reports; live data or on-site monitoring
Substrate

contamination
Optional Follow GB15168-2018 [48]

EutrophicationL Mandatory Follow SL395-2007 [47]

Aquatic life
(0.2)

Macroinvertebrate * Optional Use the Benthic Index of Biological Integrity (B-IBI) [74,75] Field investigation by specialists

Fish Mandatory Compared with the status before 1980
Data from aquaculture departments; field investigation
by specialists

Waterbirds Optional Population, diversity and the existence of rare birds
Data from forestry departments or environment protection
agencies; field investigation by specialists

Plankton densityL Mandatory Compared with the status before 1980 FIeld investigation by specialists

Macrophytes Optional Compared with the status of specific periods in history Field investigation; remote sensing

Non-ecological
performance

(0.3)

Social services
(0.2)

Flood protection Optional Length of the embankment and other engineering interventions Data from water conservancy departments

Water supply Optional
How often the daily averaged discharge (or water level) is
higher than the threshold for abstraction

Reports of local water authorities

Land development Optional The ratio of developed riparian land to the reference value Data from local planning consents

NavigationR Optional The ratio of navigable days in a year Open hydrologic data or official reports

Public satisfaction Mandatory
Public opinion about sensory/recreational aspects, the general
condition of physical habitats and the
surrounding environment

On-site or online questionnaires

Water
governance

(0.1)

Drinking water
zones **

Optional
The ratio of drinking water zones with the required
water quality.

Local water quality reports; live data or on-site monitoring

Illegal activities
(“four chaos”)

Mandatory
Illegal mining, occupation, disposing, and construction
are managed.

Reports of local administration
Sewage regulation Mandatory

The outfalls should be registered and well managed with
reasonable layouts that do not influence drinking water sources

R Applicable to rivers; L Applicable to lakes;. * Macroinvertebrate status is assessed using the B-IBI method proposed by [74,75]. ** The concept of water functions zones is simplified to
focus on drinking water zones and avoid ambiguity.
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6. Summary and Conclusions

In this paper, we analyze the administrative and scientific aspects of evaluating freshwater health

in China under the framework of the River Chief System (RCS) and compare those features with the

best practices around the world. The most significant distinctions between the principles in China

and those overseas are discussed particularly. A new indicator framework is proposed together with

a well-structured protocol for implementation. The research findings in the present study will be

integrated into China’s new national freshwater evaluation standard to be issued this year.

Regarding the administrative aspect, the unique institutional context in China (centralized

authority, party-state hierarchy, and cadre responsibility system) make it is essential to adopt the

top-down mechanism of accountability to avoid the inaction of local officials in different levels.

Thus, the performance of the RCS should be graded in a concise and quantitative way to simplify the

workload of local Chiefs who are usually non-experts. Regarding the scientific aspect, social services

and water governance indicators should be appropriately integrated into the new framework, as those

indicators emphasize some attributes that are particularly valued in China and also sometimes ignored

in western counties. Those attributes, for example, include the effectiveness of water resources

management by using a centralized model and the harmony between individuals, the society and

the environment.

From this study, we argue that a series of issues should be paid attention to when establishing

a widely implemented freshwater health evaluation framework, including well-defined objectives and

motivations, comprehensive and practical indicators metrics, standardized data acquisition and analysis

protocols, and the adaptability for future development. Regarding the last issue, the new framework

proposed in this study is expected to be revised for every two years to ensure its appropriateness.
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Abstract: Storm runoff pollutants are among the major sources of surface water impairments, globally.

Despite several monitoring programs and guidance on stormwater management practices, there are

many streams still impaired by urban runoff. This study evaluates an industry sector’s pollutant

discharge characteristics using the self-reported data collected under Tennessee Multi Sector Permit

program. The stormwater pollutant discharge characteristics were analyzed from 2014 to 2018 for

an industry sector involving twelve facilities in West Tennessee, USA. The data analysis revealed

the presence of both organic and inorganic contaminants in stormwater samples collected at all

twelve industrial facilities, with the most common metals being magnesium, copper, and aluminum.

The principal component analysis (PCA) was applied to better understand the correlation between

water quality parameters, their origins, and seasonal variations. Furthermore, the water quality

indexes (WQIs) were calculated to evaluate the stormwater quality variations among studied facilities

and seasons. The results demonstrated slight variations in stormwater WQIs among the studied

facilities ranging from “Bad” to “Medium” quality. The lowest seasonal average WQI was found for

spring compared to the other seasons. Certain limitations associated with the self-reported nature of

data were identified to inform the decision makers regarding the required future changes.

Keywords: stormwater; industrial facilities; BMPs; water quality; run off; self-reported data

1. Introduction

Storm runoff pollutants are among the major sources of surface water impairments, globally [1–3].

However, there are several types of guidance on stormwater best management practices (BMPs)

and pollution prevention plans (SWPPPs), but there are many streams still impaired by runoff

contaminants [4–6]. Storm runoff from urban areas, roads, agricultural and constructional sites,

atmospheric depositions, and acid drainage from abandoned mines are considered as the major sources

of pollution threatening the surface water quality [6]. Deteriorated stormwater quality is linked

to the human health due to the acute and chronic illnesses from exposure through drinking water,

seafood, and contact recreation [7–9]. To protect and enhance the quality of ground and surface water

resources as a top priority for both public and governments, it is essential to understand the pollutant

discharge by different sources. Stormwater pollutants originate from a variety of sources in the urban

environment including residential and commercial landscapes, construction sites, roads and highways,

parking lots, and industrial sites [10,11].

The proportion of pollutants in urban stormwater that originated from industrial activities

has been reported to be significant compared to the other sources [12]. Manufacturing, shipping,
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and storage operations that are exposed to the rain release several pollutants such as heavy metals,

nitrate, and organic materials into the stormwater. Despite the extensive research in stormwater

quality at urban areas like roads, residential or construction sites [8–10], industrial facilities’ runoff

constituents, pollutants loading, and their impacts on receiving waters are less understood. Few studies

conducted in this area reported the large numbers of organic and inorganic constituents’ presence

in the industrial facilities’ stormwater [13,14]. Concentration of certain pollutants like heavy metals

in industrial facilities’ storm runoff has been found to be significantly greater than that from other

land uses. Additionally, human health risks associated with stormwater from the industrial area is

considerably greater than a residential or commercial area [15].

Several federal and state stormwater monitoring programs are implemented to encourage or

enforce many types of industrial facilities taking steps toward protecting their stormwater quality [16,17].

These monitoring programs mainly aimed to identify the high risk dischargers and eventually reduce

the stormwater pollution. However, due to the requirement and design of these monitoring programs,

the precise data were not generated generally to satisfy the decision-making needs [18]. As demonstrated

by Clean Water Act 303(d) section, numerous streams and surface waters in Tennessee have been

listed as impaired by runoff contaminants [19]. As a part of the Tennessee Multi Sector Permit (TMSP),

qualified industrial facilities located in Tennessee are required to develop the site-specific Stormwater

Pollution Prevention Plan (SWPPP) to maintain the stormwater quality. The expected stormwater

pollution sources are identified in SWPPP and the planned strategies to minimize the pollutant release

to stormwater are described. As a part of the National Pollutant Discharge Elimination System (NPDES),

TN Multi-Sector Stormwater Permit (TMSP), each facility is required to collect the stormwater run-off

samples, conduct the laboratory analysis to quantify the certain constituents in stormwater, and report

the analytical results to the Tennessee Department of Environment and Conservation (TDEC), annually.

Table 1 demonstrates the benchmark’s stormwater quality levels listed in TMSP, in addition to the

associated USEPA drinking water and acute aquatic life limits for both fresh and saltwater. The purpose

of this annual monitoring is both to assist the regulatory agency in understanding the effectiveness

of management practices and evaluate aggregate pollutant loading by an individual facility to the

watershed, and to help the facility operators understand their BMPs’ effectiveness. However, limited

collected data along with a lack of understanding of the long-term stormwater quality variations

obscure the understanding of the BMPs’ performance. Evaluation of regulations that impact thousands

of industries would not be possible without understanding industrial facilities’ stormwater pollutants’

loadings to the watersheds. This study aimed to better understand an industry sector’s pollutant

discharge characteristics using the self-reported data collected under TMSP program. Specific objectives

were to (1) investigate the stormwater quality characteristics in twelve industrial facilities within an

industry sector, (2) examine the seasonal and temporal variations of stormwater quality within this

industry sector, and (3) identify the limitations associated with the self-reported nature of stormwater

quality to inform the decision makers and monitoring agencies regarding the required future changes.

Table 1. Tennessee Department of Environment and Conservation (TDEC) Tennessee Multi Sector

Permit (TMSP) stormwater quality benchmark levels in 2018 and USEPA limits for drinking water and

aquatic life (1 SMCL: Secondary Maximum Contaminant Level; 2 NL: No Limit; 3 USEPA Action Limit,
4 NO2

− as N; 5 NO3
− as N).

Parameter TDEC
Drinking

Water

Aquatic (Acute Levels)

Fresh Salt

Al (µg/L) 750 50 to 500 1 NL 2 NL

Cd (µg/L) 16 5 3 2 33

Cyanide (µg/L) 64 200 3 22 1

Cu (µg/L) 18 1000 1 NL 5

Pb (µg/L) 150 15 3 82 140

Ag (µg/L) 32 100 1 3 2
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Table 1. Cont.

Parameter TDEC
Drinking

Water

Aquatic (Acute Levels)

Fresh Salt

Zn (µg/L) 395 5000 1 120 90

As (µg/L) 169 100 3 340 69

Se (µg/L) 239 50 3 NL 290

Mg (µg/L) 64 NL NL NL

Hg (µg/L) 2 2 3 1 2

Ni (µg/L) 875 NL 470 74

Fe (mg/L) 5 0.3 1 NL NL

COD (mg/L) 120 NL NL NL

BOD5 (mg/L) 30 NL NL NL

Oil and Grease (mg/L) 15 NL NL NL

NH4
+ (mg/L) 4 NL NL NL

NO2
− + NO3

− (mg/L) 0.7 1 4, 1 5 NL NL

Phosphorous (mg/L) 2 NL NL NL

pH 5–9 6.5–8.5 6.5–9.0 6.5–8.5

TSS (mg/L) 150 NL NL NL

Fluoride (mg/L) 1.8 4 3 NL NL

2. Methods

2.1. Data Sources

The industrial facilities under TMSP permit are required to collect stormwater samples and

conduct laboratory analysis to quantify certain constituents in stormwater, and report to the monitoring

agency, annually. In this study, the self-reported stormwater quality for 12 industrial facilities within

an industry sector with active coverage under TMSP during the period of 2014–2018 was analyzed.

This industry sector’s activities mainly consist of storage of utility related equipment as summarized

in Table 2. The stormwater quality for this industrial sector was selected to be monitored quarterly

instead of the usual annual monitoring requirement. The stormwater management team at the targeted

industrial facilities collected the grab stormwater samples at designated outfalls at different drainage

areas through the facilities. Further information regarding the location of outfall and potential pollution

sources in each drainage area is described in the facilities’ SWPPPs. The TMSP requires collection of

the grab samples within the first 30 min of discharge at the outfall. Additionally, if more than one

sample is collected and analyzed, the average concentration of that parameter should be reported.

The water samples were mostly examined for pH, aluminum (Al), copper (Cu), iron (Fe), lead (Pb),

magnesium (Mg) and zinc (Zn), chemical oxygen demand (COD), and biochemical oxygen demand

(BOD5) concentrations, ammonia (NH4
+), total suspended solids (TSS), nitrate and nitrite nitrogen

(NO2
− + NO3

−), and oil and grease concentrations. Additional information about these industrial

sites was sought through other compliance documents such as Notices of Intent (NOI), Inspection

Reports, SWPPPs, and through TDEC-Division of Water Resources, Memphis Environmental Field

Office. Occasionally some stormwater quality data were not reported to the regulatory agency due

to the dry seasons and lack of enough rain to collect the stormwater samples. The list of available

self-reported data for the studied industrial facilities is shown in the supplementary materials (Table S1).

Accounting for all 12 facilities, in total, 9363 data were analyzed in this study, but in total, no data were

reported for 34% of quarters from 2014 to 2018. The greatest number of missing data belonged to

2015. Calculating the number of outfalls per industrial area revealed the lowest number of outfalls

in facilities A9 (1 outfall/100,000 m2), and the greatest number of outfalls was present in facility A8

and A10 (51 outfall/100,000 m2). It should be noted that the reported area is only the area of property

associated with the industrial activities and does not include the recreation area, office buildings,

landscaping, employee parking, etc. This industry sector has been regulated under sector AD of the
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TMSP, that requires monitoring for pH, BOD5, COD, TSS, oil and grease, and ammonia concentrations

in stormwater.

Table 2. The list of studied industrial facilities, their industrial area, and activities exposed to stormwater.

Site Label Area (m2) Activity

A1 8903
Storage/Distribution

Vehicle Storage
Outside Waste Disposal

A2 2833 Storage/Distribution
Outside Waste Disposal

A3 2428

A4 70,415
Storage/Distribution

A5 118,978

A6 6475

A7 101,576
Vehicle Storage

A8 9712

A9 441,512
Outside Waste Disposal

A10 9712

A11 214,888
Vehicle Maintenance

A12 47,348

2.2. Statistical Analysis

The statistical analysis was conducted using IBM SPSS version 26 software. The Normal

distribution of stormwater quality data has been evaluated using Kolmogorov–Smirnov test [20].

Due to non-normal distribution, the non-parametric test of Mood’s Median was applied to examine

the significant variations of stormwater quality data [20,21]. The non-parametric Kruskal Wallis test

with multiple comparisons was followed if only a significant difference between the median of tested

variables was assessed using the Mood’s Median test [22]. The difference was considered significant if

p-value < 0.05.

The principal component analysis (PCA) was implemented to identify the stormwater pollution

sources and correlation between stormwater quality parameters. Furthermore, PCA was used to assess

seasonal correlations of stormwater quality parameters. For this purpose, the data were divided into

four different temporal databases of winter (quarter 1), spring (quarter 2), summer (quarter 3), and fall

(quarter 4). Due to a large number of missing water quality parameters at facilities A1, A2, A3, A6,

and A9, these facilities were not considered for the PCA analysis. The PCA was only conducted for

facilities A4, A5, A7, A8, A10, A11, and A12. The water quality parameters including Al, NH4
+, Cu, Fe,

Pb, Zn, COD, BOD5, TSS, pH, NO2
− + NO3

−, oil and grease concentrations were utilized for the PCA

analysis. As data were not normally distributed (p-value < 0.05), the lognormal transformation was

applied to normalize the data prior to the PCA analysis. This transformation advantageously scaled

the data to the range of 0 to 1. In PCA, the number of extracted components is equal to the number of

input variables. There were 13 water quality characteristics, so 13 components were extracted, however,

only the components with large total variance were considered as the most significant. Kaiser’s criteria

was used to identify the number of significant principal components [23].

2.3. Water Quality Index (WQI) Calculation

The water quality index (WQI) was utilized to account for a large number of water quality

parameters into the simplest form in terms of water quality classification [24,25]. The WQI that was

defined by Pesce and Wunderlin (2000), Reference [26] and calculated using Equation (1) was used

in this study. The Ci is the value assigned to the parameter i after normalization, n is the number of

water quality parameters, and Pi is the relative weight associated with ith water quality parameter.

The relative weight (Pi) varies from 1 to 4, where the most impactful water quality parameter has

the relative weight of 4. The relative weight of water quality parameters was adapted from the
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literature [26]. The water quality index was graded as excellent (91–100), good (71–90), medium (51–70),

bad (26–50), and very bad (0–25) [24]. The average WQIs were calculated across different facilities and

during different seasons using Equation (1).

WQIobj =

∑n
i=1 CiPi
∑n

i=1 Pi
(1)

3. Results and Discussion

3.1. The Industry Sector’s Stormwater Quality Evaluation

Analyzing the self-reported data revealed that both organic and inorganic contaminants were

released to the stormwater at studied industrial facilities. The percentage of collected data exceeded

the state regulatory agency benchmark levels is shown in Table 3. The variation of the median

concentrations of BOD5, COD, NH4
+, NO2

− +NO3
−, oil and grease and TSS across 12 different facilities

within the studied industry sector is shown in Figure 1. These data revealed that oil and grease

concentrations were mostly below the benchmark level (15 mg/L), despite the fact that some of these

facilities were utilized for the vehicle storage and maintenance activities (Table 2). The median pH

value at studied industrial facilities varied between 7.8 and 8.2. The individual stormwater samples’

pH levels were generally within the USEPA recommended pH values of 6.5 to 9.0 for fresh water, except

for some elevated pHs (>9.0) at facilities A4, A5, and A8. The median TSS concentration showed a very

wide range of variations from 40 to 334 mg/L. The unvegetated and unpaved areas are known as the

main sources contributing to the TSS in stormwater [27]. Furthermore, reviewing the recent inspection

reports at facility A4 revealed the contribution of fill material storage sites to silt/sand release to the

stormwater. The median NH4
+ concentration varied between 0.2 and 0.6 mg/L, which might be released

to the stormwater by decaying the nitrogen-containing organic matters. The median NO3
− +NO2

−

concentration varied from 0.4 to 1.3 mg/L as N. The excessive NO3
− +NO2

− presence in freshwater

could negatively impact the aquatic organisms [28]. The organic contaminant loadings in stormwater at

studied industrial facilities were evaluated through COD and BOD5 concentrations. The median BOD5

concentrations varied between 8.0 and 20.0 mg/L, and median COD concentration varied between 55.0

and 199.0 mg/L. As demonstrated in Table 3, a greater number of stormwater samples exceeded the

COD concentration benchmark level (120 mg/L) compared to the BOD5 concentrations benchmark level

(30 mg/L). The strong significant correlation (r = 0.83) between median COD and BOD5 concentrations

indicates that the major part of organic components was biodegradable. The correlation matrix for

stormwater quality parameters is shown in Supplementary materials (Table S2).

Table 3. Percentage of data that exceeded the TDEC benchmark stormwater quality levels

(NR: not reported).

Water
Quality

Facilities

A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

M
et

al
s

Al NR NR NR 81 87 64 64 55 NR 86 86 93

Cu NR 46 NR 70 52 NR 40 61 NR 7 77 90

Fe NR NR NR 27 50 NR 26 0 NR 45 44 NR

Pb NR NR NR 5 6 NR NR NR NR 9 NR NR

Zn NR NR 25 25 23 NR NR 49 NR 50 NR 33

Mg 100 100 100 100 100 100 100 100 100 100 100 100

O
rg

an
ic

s COD 31 46 33 65 48 45 41 24 26 36 63 57

BOD5 0 38 8 32 28 9 18 7 6 10 34 31

Oil
and

Grease
0 8 0 4 5 0 2 4 2 2 3 6

O
th

er
s TSS 31 31 33 64 59 45 40 28 36 60 72 62

pH 8 8 8 15 19 9 2 14 7 10 11 7

NH4
+ 0 0 0 0 0 0 2 0 0 0 0 0
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Figure 1. Scatter diagram of the quarterly median values for biochemical oxygen demand (BOD5)

(mg/L), chemical oxygen demand (COD) (mg/L), NH4
+ (mg/L), NO2 + NO3 (mg/L as N), Oil and

Grease (mg/L), and total suspended solids (TSS) (mg/L) concentrations at 12 industrial facilities from

2014 to 2018.

The variation of metals concentration within the studied industrial facilities is shown in Table 4.

The total Mg, Al, and Cu mostly exceeded the benchmark levels (64 µg/L, 750 µg/L, 18 µg/L). The greater

levels of Mg and Al in stormwater samples might be associated with their higher abundance in the

silty soils which is common in this region [29,30]. Figure 2C shows the erosion around the facility (A3)

fence, which may have contributed to the TSS presence in stormwater samples. A low percentage of

stormwater samples collected at facilities A4, A5, A10 exceeded the benchmark Pb level (150 µg/L)

although, Pb was not monitored at the other facilities. The equipment related to metallic utility like

transformers (Figure 2A), pipes (Figure 2B), and rusted metal scrape (Figure 2D) may also contributed

to the metal release to stormwater. This finding is in agreement with the literature that reported metals

as the major contaminant released by industrial sources to the storm runoff [18]. The self-reported

nature of data may result in insufficient quality controls which makes identification of the meaningful

trends challenging [12]. Our analysis suggested that TSS should be considered as the priority in

developing future stormwater pollution prevention plans for this industry sector, as it mostly exceeded

the recommended benchmark levels. Furthermore, the metals such as Al and Mg which are associated

with silt/sand presence in stormwater frequently exceeded the benchmark levels.
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Table 4. The statistical description of metals concentration in stormwater samples collected at studied

industrial facilities (STD: standard deviation, NR: not reported).

Facility
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

Conc. (mg/L)

Mg
Median 1.66 1.35 1.09 4.80 4.87 1.44 2.31 0.80 2.45 6.93 3.44 1.67

STD 2.24 4.10 9.53 18.9 29.77 3.05 7.34 1.17 40.78 19.75 10.59 2.28

95tile 5.06 11.88 22.00 37.5 35.50 7.94 13.06 3.89 51.20 49.64 25.98 4.05

Al

Median NR NR NR 2.25 3.82 1.04 2.00 0.98 NR 2.69 3.04 3.40

STD NR NR NR 3.32 11.11 2.19 4.30 1.51 NR 7.25 4.52 13.50

95tile NR NR NR 10.10 32.60 5.51 14.16 5.00 NR 20.42 14.36 22.78

Cu

Median NR 0.02 NR 0.3 0.02 NR 0.01 0.04 NR 0.02 0.03 0.05

STD NR 0.02 NR 0.05 0.06 NR 0.02 0.05 NR 0.06 0.69 0.09

95tile NR 0.07 NR 0.11 0.17 NR 0.08 0.11 NR 0.12 0.23 0.31

Pb

Median NR NR NR 0.02 0.02 NR NR NR NR 0.04 NR NR

STD NR NR NR 0.34 0.05 NR NR NR NR 0.1 NR NR

95tile NR NR NR 0.15 0.16 NR NR NR NR 0.2 NR NR

Zn

Median NR NR 0.21 0.23 0.18 NR NR 0.39 NR 0.38 NR 0.28

STD NR NR 0.83 0.44 0.47 NR NR 0.53 NR 0.98 NR 0.40

95tile NR NR 1.95 1.25 1.25 NR NR 1.70 NR 1.57 NR 1.36

Fe

Median NR NR NR 2.71 4.96 NR 2.18 0.10 NR 4.53 3.98 NR

STD NR NR NR 4.82 18.36 NR 6.38 0.04 NR 49.46 7.79 NR

95tile NR NR NR 13.86 49.57 NR 20.30 0.17 NR 38.15 20.20 NR

 

− −

Figure 2. Various sources contributing to storm runoff contamination at (A) Facility A1, (B,C) Facility

A3, and (D) Facility A6 (Photos obtained from State Regulatory Agency’s inspection reports in 2015).

The statistical description of self-reported stormwater quality data for the studied industry

sector is shown in Table 5. A comparison has been made between the stormwater quality at the

studied industry sector and the data reported in the literature for several other industrial facilities,
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commercial and residential sites (supplementary materials Table S3). No record was found describing

the stormwater quality for residential or commercial areas in the studied region thus, we compared

our data with the other published literature. As demonstrated in Table S3, the Al, Pb, TSS, and NO2
− +

NO3
− concentrations were greater in the studied industry sector than values reported by Lau et al.

(2001) for residential and commercial sites [31]. The stormwater quality investigation for the industrial

facilities is limited in the literature and the type of industrial activities, and water sampling procedures

were different which made the comparison challenging [19,32–34]. The research investigated the

stormwater quality at an industrial log yard during eight run-off events that resulted in greater levels

of heavy metals, TSS, and COD concentrations than our investigation [33]. However, sampling after

eight events might be too small to capture the variation of pollutant release to the stormwater by

sources present in the industry sector. The study conducted by Line et al. (1997), examined the first

flush runoff quality at 20 industrial sites and found Zn and Cu as the most common metals found at

these sites [13]. Although, our analysis revealed Mg, Cu, and Al as the most common metals present in

stormwater at the 12 studied industrial facilities. It should be noted that rather than different industrial

activities, their data acquisition was more controlled than self-reported data which are utilized in

our study. These findings underscore the critical impacts of land uses and data acquisition practices

on stormwater quality evaluations, which should be considered in the future urban planning and

development of stormwater monitoring programs.

Table 5. The statistical description of stormwater quality parameters within the studied industry sector.

Parameter (mg/L) n Mean STDV CV% Median 95th Percentile

Al 646 4.7 8.0 168 2.4 15.7

Cu 585 0.1 0.3 463 0.03 0.2

Fe 427 6.8 10.8 158 3.2 23.6

Pb 249 0.1 0.3 428 0.0 0.2

Zn 446 0.4 0.6 131 0.3 1.5

Mg 784 8.8 20.3 231 3.1 33.8

COD 783 208.8 332.2 159 118 600.0

BOD5 787 23.2 34.1 147 12.0 60.0

Oil and Grease 779 5.0 16.9 338 1.8 11.6

TSS 779 428.2 969.2 226 191 1415

pH 761 7.8 1.1 14 8.0 9.2

NH4
+ 788 0.4 0.5 116 0.3 1.1

NO2
− + NO3

− 770 1.7 10.0 576 0.6 2.5

The metals released to the storm runoff at the studied facilities may not only be originated from

the stored scrape metals or erosion materials (Figure 2C,D), but they also could be released from

building materials, as previously suggested by Davis et al. (2001) [31]. In facility A11, the drainage

area included the parking lots, storage area for drums, old pipes, wooden poles, and metal spools,

as well as a paved driveway and warehouse. The main contaminants at this facility were Mg and

Al which possibly were released due to the silt and sand release to the stormwater. The median

concentration of Mg at this facility was the greatest among all facilities and it was 111 times greater than

the benchmark level (64 µg/L). The median concentration of Al at this facility (3.0 mg/L) was four and

15 times greater than the TDEC benchmark level and USEPA drinking limit, respectively. The drainage

area at facility A4 included the storage area for the equipment, treated wood, drums, metal scrap,

and pipes. In addition, the recent inspection report of facility A4 indicated the silt and sand release

from the fill material storage area. In this facility, Mg and Al median concentrations were 75 and three

times greater than TDEC benchmark levels, respectively. The statistical analysis revealed significant

differences among all organic and inorganic contaminants found in stormwater at these 12 industrial

sites (p-value < 0.05) but not the Fe (Supplementary materials Tables S4 and S5). The greatest median

186



Water 2020, 12, 3185

Pb and Zn levels (0.04 mg/L and 0.39 mg/L) were found in facility A10, however, the greatest median

Fe and Al levels (5.0 mg/L and 3.8 mg/L) were identified in facility A5. Though all water quality data

were not available for all facilities, the greatest median Mg and Cu levels (7.1 mg/L and 0.05 mg/L)

belonged to facility A11 and A12. The high variation of metals concentration among studied facilities

prevented identifying a specific trend in stormwater quality deterioration. It was noted by the State

Regulatory Agency that the main activities at each facility were stagnant, however, ancillary activities,

along with their associated pollutant sources, may have been changed daily. No record was found

describing the types of ancillary activities, thus, it was challenging to identify the potential sources for

the identified stormwater pollutants.

The variation of stormwater quality within the industrial facilities was investigated in terms of

Water Quality Index (WQI). As demonstrated in Figure 3, the water quality within this industry sector

varied from “Bad” to “Medium”. The greatest water quality within this industry sector was evaluated

as “Medium” and belonged to facilities A1, A3, A6, A7, A8, and A9 (50 ≤WQI ≤ 58). The stormwater

quality at the rest of the studied facilities was evaluated as “Bad” (42 ≤WQI ≤ 49). The WQI at facility

A3 was significantly greater than WQI at facilities A5, A10, and A11 (p-value < 0.05). The lowest

average WQI was found for facility A11 as 42. It should be noted that as the authors followed the

literature, some of the water quality parameters like metals concentration (Pb, Cu, Fe, Zn, Al) were

not considered in WQI calculation, however those may impact the variation among facilities [26].

This information could be utilized by the decision makers in the industry sector developing their

priority list to modify and develop their future SWPPPs. To have a complete assessment of reasons

behind the variation of stormwater quality, the detailed description of the type of industrial activities

conducted at each site is required. However, the SWPPPs that contain more descriptions regarding the

facility characteristics and activities resulting in stormwater contamination were only accessible by

authors for facilities A3, A4, and A11.
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Figure 3. The variation of stormwater water quality index (WQI) at studied industrial facilities.

3.2. Implementation the Principle Component Analysis (PCA) to Identify the Stormwater Pollution Sources

As demonstrated in the scree plot of components (Supplementary materials Figure S1), only

three components were retained which had the Eigenvalues greater than one. The PC loadings were

categorized as “strong”, “moderate”, and “weak” according to their absolute loading values of >0.75,

0.75–0.50, and <0.5, respectively [23]. The loadings of water quality variables on principal components

are shown in Table 6. With the Kaiser normalization, these components explained 74% of the total

variance. The first component (PC1), accounting for 50% of the total variance and was strongly loaded

by several inorganic contaminants (Al, Cu, Fe, Pb, Mg, TSS, and Zn). This factor could be attributed
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to the contaminant release by storage of utility-related equipment and fill materials at the industrial

facilities. The second component (PC2), accounting for 17% of the total variance and showed a strong

positive loading of nitrogenous contaminants (NH4
+, NO2

− + NO3
−) and moderate loading with

BOD5 substances. This factor might be associated with biogenic pollution sources [23]. However,

the third component (PC3), accounting only for 8% of the total variance and showed a strong positive

loading by water pH, and negative weak loading on metals present in stormwater.

Table 6. The loading of water quality variables on principal components.

Variables
Components

1 2 3 4 5 6 7 8 9 10 11 12 13

Al 0.87 −0.28 −0.06 0.16 −0.16 −0.08 −0.13 0.06 0.23 −0.08 −0.02 0.12 −0.12

NH4
+ 0.23 0.79 0.04 0.33 0.04 −0.28 0.34 0.06 0.09 0.00 −0.06 −0.02 0.00

BOD5 0.59 0.64 0.10 −0.21 −0.14 −0.20 −0.20 −0.07 0.01 0.23 0.18 0.02 0.00

COD 0.80 0.36 0.08 −0.13 −0.04 −0.16 −0.21 −0.12 −0.17 −0.24 −0.16 −0.08 0.00

Cu 0.82 0.02 −0.15 −0.04 0.38 −0.03 −0.08 0.35 −0.16 0.08 −0.03 0.07 0.00

Fe 0.90 −0.28 −0.14 0.13 −0.15 −0.05 −0.05 0.02 0.16 −0.03 −0.01 0.06 0.16

Pb 0.86 −0.26 −0.12 0.02 0.23 0.06 −0.01 −0.05 0.16 0.11 −0.01 −0.28 −0.02

Mg 0.88 −0.11 −0.08 0.11 −0.19 0.08 0.18 0.07 −0.17 −0.18 0.24 −0.07 −0.01

NO2
− +

NO3
− 0.14 0.77 −0.01 0.41 0.06 0.44 −0.16 −0.03 0.03 −0.02 0.00 0.02 0.01

Oil and
Grease

0.54 0.22 0.54 −0.52 −0.01 0.22 0.14 0.11 0.15 −0.06 −0.02 0.02 0.01

pH 0.08 −0.41 0.78 0.41 0.16 −0.10 −0.08 −0.02 −0.06 0.02 0.05 0.00 0.01

TSS 0.82 −0.19 0.08 0.09 −0.35 0.14 0.14 −0.04 −0.18 0.24 −0.16 0.02 −0.02

Zn 0.83 −0.09 −0.10 −0.09 0.37 0.03 0.16 −0.32 −0.03 −0.01 0.03 0.15 −0.01

Eigen value 6.44 2.25 1.00 0.85 0.59 0.43 0.35 0.27 0.26 0.22 0.15 0.14 0.04

% of Variance 49.57 17.3 7.67 6.55 4.56 3.33 2.71 2.05 1.98 1.73 1.19 1.04 0.32

Cumulative % 49.57 66.87 74.54 81.09 85.65 88.98 91.69 93.74 95.72 97.46 98.64 99.68 100

3.3. Seasonal Variation of Stormwater Quality at the Industrial Facilities

Considering the first two principal components, a general view of seasonal variation of stormwater

quality parameters at studied industrial facilities was provided, as shown in Figure 4. The winter’s

first principal component described 52% of the total variance, in which all water quality parameters

were positively influential. Winter’s second principal component explained 19% of the total variance,

in which NH4
+, NO2

− + NO3
−, and pH were the most influential. Other inorganics like Fe, Zn, and Al

were negatively impacted. In spring, water pH was slightly and negatively influential on the first

component which explained 45% of total variance. In summer, the first component described 50% of

the total variance, and was largely impacted by both organic and inorganic contaminants present in

stormwater. Summer’s second principal component which described 14% of the total variance was

largely influenced by NH4
+, NO2

− +NO3
−, and pH, however, other water quality parameters were not

that influential. Fall’s first component explains 54% of the total variance and revealed a similar pattern

to winter as the majority of water quality parameters were influential. Its second component accounts

for 12% of the total variance, and similar to the other seasons, was largely impacted by NH4
+, NO2

− +

NO3
−, and pH. This slight seasonal variability of stormwater quality could be due to environmental

conditions like the number, duration, and intensity of precipitation events, the time between rainfalls,

and the type of ancillary activities conducted at studied facilities [24,35].
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Figure 4. The seasonal coordinates of principal component axis based on the monitored stormwater

quality data.

The seasonal variation of WQI was significant within this industry sector (p-value < 0.05).

As demonstrated in Supplementary materials (Figure S2), most of the facilities experienced a slightly

lower stormwater quality in spring (average WQI: 45) compared to the other seasons (average WQI:

50–51). However, it should be noted that heavy metals concentrations were not considered in calculation

of WQI due to the large number of missing data, while they impacted the water quality. Analyzing the

seasonal data revealed the lowest median concentrations of oil and grease, TSS, Al, Fe, Pb, Cu and Mg

in stormwater samples collected during the summer (p-value < 0.05). The highest concentrations of

NH4
+, BOD5 and COD concentrations were found in samples collected during spring with the median

values of 0.4 mg/L, 18.0 mg/L, and 199.0 mg/L, respectively, which resulted in the lowest WQI for this

season. This results are in a good agreement with the literature that reported a lower stormwater

quality in spring due to the largest range of total phosphorous, dissolved phosphorus, soluble reactive

phosphorous, COD, total Kjeldahl nitrogen (TKN), and total NO2
- +NO3

- [36]. Few studies conducted

in the Europe and U.S. reported the seasonality of stormwater pollutant loadings. The research

investigated road runoff quality in Germany and highlighted a significant seasonal increase in Cu,

Zn, TSS, pH, and TOC concentration during the cold seasons compared to the warm seasons [37].

The higher levels of heavy metals were also reported in urban storm runoff during spring and winter

compared to summer [38]. The number of dry days before the storm event is a critical factor impacting

the contaminant accumulation on the surface [39]. Investigating the temporal changes of stormwater
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quality during the study period (2014 to 2018) revealed the lowest median concentrations of oil

and grease, Mg and TSS in 2015 compared to the other years. However, other stormwater quality

parameters varied during the years, and no specific trend was identified. Calculation of WQIs using

the data reported by this industry sector over the years revealed a better water quality in 2016 (average

WQI:48), although it was not statistically different from other years (average WQI: 44 to 45). Rather

than variation of type and extent of industrial activities, the alteration of rainfall pattern during the

years may influence the stormwater quality characteristics [40]. The intensity and duration of rainfall

influences dislodging and transporting the pollutant to stormwater [35].

4. Limitations and Policy Implications

Our review of published literature revealed that industrial facilities’ stormwater quality

characteristics are either investigated through a limited number of water samplings over a short

duration of time [13], or through the large numbers of self-reported stormwater quality data collected

over a longer period [12]. Conducting the systematic stormwater sampling is beneficial as it generates

more reliable data source. However, collecting the limited number of water samples during the short

duration of time limits the understanding of seasonal and temporal changes in contaminant loadings

to the surface waters. Furthermore, limited or lack of access to the industrial facilities and inadequate

financial resources mostly obscure the detailed and long-term investigation of pollutant discharge

by industry sectors into the stormwater. Although a large volume of stormwater quality data are

collected by industrial sectors to satisfy the regulatory agencies’ monitoring requirements, only a few

investigations have been conducted to examine the contaminant loadings and temporal variations in

stormwater using these self-reported data. These self-reported data have been utilized to identify high

polluting facilities, assess the pollutant loads to receiving water resources, and examine the facility

improvement in reducing the pollutant discharges [41]. In our study due to the lack of access to the

industrial sites, only the self-reported stormwater quality data and state regulatory agency compliance

documents such as recent SWPPPs, inspection reports, and notices of violations were utilized. Thus,

certain uncertainties associated with the self-reported nature of data like poor sampling or analysis

practices should be considered. Although 9363 data points were analyzed in this study, there was a

significant number of missing data (33.75%) that made the identification of specific trends difficult.

Limited information regarding the type of industrial activities was reported in the Notice of Intent

documents which created significant challenges in identifying the pollution sources. Despite the

presence of heavy metals in stormwater at industrial facilities, this was not considered in the calculation

of water quality index (WQI) as we applied the method reported in the literature [26]. However, future

research is needed to specifically develop a WQI for industrial facilities’ storm runoff, accounting for

heavy metals and their appropriate relative weights in the calculations.

Decision makers’ understanding of existing stormwater monitoring programs’ effectiveness is

limited due to the high variability of stormwater quality data. This variability even could rise due to

the stormwater’s natural variability, variation of industrial activities, poor sampling practices, and

analysis. In our study, the state regulatory agency required the collection of grab samples within

the first 30 min of discharge at outfall and not later than one hour, but sampling either late or early

during storm event could have a significant impact on the result. Sampling at the beginning of

storm event results in a collection of the first flush stormwater sample, which generally contains a

greater concentration of contaminant [18]. This is an appropriate practice if the peak concentration

of contaminant is required, otherwise the samples that are collected in the middle of storm event are

more representative [18]. The duration of the dry period before the storm event could influence the

level of stormwater contaminant. After a long dry period, the higher concentration of contaminant

could be found in stormwater [42]. The results of this study suggested that the efficiency of current

industrial stormwater monitoring programs could be improved by providing more detailed stormwater

sampling guidelines and more strict requirements for the water quality reports to generate a more

accurate database for future decision making and policy development. This research also highlights
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the importance of understanding stormwater quality data, to encourage industrial stakeholders to

take serious steps toward protection of their stormwater quality. Industrial facilities’ operators are

encouraged to understand their stormwater quality data, detect the pollutants of concern, potential

problems in contaminating the storm runoff and implement the efficient BMPs. In addition, our findings

will assist the state and federal regulatory decision makers recognize the impacts of industrial activities

on local creek and streams. It will allow the regulators to assess their progress toward managing the

stormwater quality at industrial sites and protecting the watersheds to lower the pollutant discharge.

The data could serve as the representative of industrial stormwater quality resulting from different

types of activities to assist the regional, state, and local decision makers in protecting receiving waters

effectively. We expect this work to catalyze the community and regulatory agencies into understanding

this increasingly important, although not yet completely understood fact. Lack of information about

the pollutants’ types and their concentrations released to the stormwater by the specific type of

industry, makes it difficult for the regulatory agencies to identify the specific pollutants that should be

monitored. So, this research will provide background data about the type and concentrations of the

pollutants we expect from a specific type of industry. In addition, the research outcomes could be used

in issuing future industrial stormwater permits. Our study is aligned with the previous research that

found high variability within the collected self-reported stormwater quality. The study conducted by

Lee et al., (2007) evaluated several stormwater monitoring programs by investigating several data sets

collected between 1991 and 2003 [18]. They found high variability in data collected by the industrial

monitoring program and suggested reducing this variability from experimental error and artifacts in

data collection to provide better guidance to the decision makers [18].

5. Conclusions

The pollutions originate from a variety of sources in industrial facilities are substantial contributors

to surface water quality impairment. This study was conducted to better understand stormwater

quality at 12 industrial facilities to evaluate the industry sector’s pollutant discharge characteristics.

In this study, the quarterly self-reported stormwater quality data reported by an industry sector during

2014–2018 were analyzed to identify the variation of stormwater quality within an industrial sector

and examine the seasonal changes of stormwater quality. Implementation of principle component

analysis (PCA) revealed three major components that were significantly loaded—inorganic contaminant

(PC1), nitrogenous contaminant (PC2), and water pH (PC3)—and demonstrated their association

with the industrial activities and biogenic pollution sources. A significant variation of stormwater

quality parameters was found within the studied industrial facilities. The WQI calculation showed

the variation of stormwater quality ranging from “Bad” to “Medium” quality among the industrial

facilities. The seasonal variation of stormwater quality was analyzed using PCA and WQI calculations.

The result demonstrated a lower water quality in spring compared to the other seasons. Several

limitations were identified with respect to the self-reported nature of data and information on industrial

activities. This research underscores the importance of understanding stormwater quality data to

encourage the industry stakeholders to improve their best management practices to maintain the storm

runoff quality. It also assists the policymakers in better understanding the impact of their regulatory

strategies on protecting the water resources.
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Abstract: The limitations of water quality management and assessment methods in China can be

ascertained by comparison with other countries. However, it is unreasonable to use a uniform

standard to evaluate water quality throughout China because one standard cannot fully account

for the regional differences in background water quality. This study aimed to provide a basis

for environmental water management decision-making. Areas seriously affected by background

pollutants were identified by comparing several factors across 31 provinces in China. By coupling

an improved export coefficient model (ECM) with a mechanistic model, a suitable pollutant yield

coefficient was determined and its rationality was analysed. The export coefficient model was applied

to estimate the pollutant (chemical oxygen demand and ammonia nitrogen) output of the basin in

2015. The spatial distribution characteristics of the pollutants were determined by simulating the

pollutant outputs of 22 sub-basins and nine water function zones. For the year 2020, the simulation

results of pollutant outputs far exceed the sewage discharge limit in water function zones and the

pollutant concentration was much higher than the standard. Considering background pollutant

outputs, more reasonable sewage discharge limit and water quality evaluation method are proposed.

Keywords: water quality; background pollutants; export coefficient model; chemical oxygen demand;

ammonia nitrogen

1. Introduction

The water environment is closely related to human life and production, and its protection,

control, and management, as well as prevention of pollution, are the focus of scholars in the field of

environmental research [1–5]. In order to understand the characteristics of regional water environments

and control water pollution, a large number of models have been developed thus far to simulate

non-point source pollution loads and provide a basis for regional water environment control and

planning [6–9].

With the development of the economy in China, the government is paying increasingly more

attention to environmental problems, further illustrating the importance of addressing environmental

issues by expanding the functions of the Ministry of Ecology and Environment in the institutional

reform program of the state council, 2018. In 2011, the strictest water resources management system

(three red lines) was proposed by the Ministry of Water Resources of the People’s Republic of China

to control the total water consumption, improve water use efficiency, and limit sewage discharge.

The sewage discharge limit implies the control of the regional water environment, that is, developing

the economy while ensuring the safety of the water ecological environment.
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A scientific and reasonable water quality assessment method is an important basis for water quality

management and assessment [10–12]. The approaches and methods of water quality management

in other countries have been considered; for example, the United States does not have a unified

national water environmental quality standard [13], but the environmental protection agency (EPA) has

developed a technical guide to determine water quality benchmarks. Each state can formulate its water

quality standard through published technical guidelines for water quality benchmarks in combination

with the actual situation of the state [14]. The Canadian Council of Ministers of the Environment

(CCME) stipulates that the water quality of water sources should be evaluated using the Canadian

Water Quality Index [15,16]. The scores of different water bodies (0–100) can be calculated by the index

equation. Water bodies can be divided into five levels: clean (95–100), good (80–94), medium (60–79),

passing (45–59), and poor (0–44) [15]. However, in China, the water quality evaluation standard and

method lack objectivity and scientificity because of regional differences, and comprehensive indicators

have not been taken into account. The current evaluation standard of surface water quality in China

is based on the environmental quality standard for surface water (GB 3838-2002), which classifies

water quality pollution into six categories based on pollutant concentration. The evaluation method

is a single factor evaluation method in which water quality is considered to be below the standard

and requiring pollution control if one of the water quality detection indicators exceeds the standard.

However, it is unfair to use the same water quality standard to restrict water quality in different regions,

which are affected by background pollutants with varying degrees.

Background values, as the basis for distinguishing the impact of the natural environment

and human activities on the environment, were proposed early last century and widely used in

the environmental field [17,18], particularly in soil background elements and groundwater [19–22].

In contrast, the background value of surface water has been less studied because of its drastic spatial

and temporal variability and complex influencing factors. However, it is particularly important

to understand background pollutants in the formulation of water quality standards and water

management [23]. In some areas of China, this will lead to misinformation in developing a water

pollution control scheme due to the degree that water pollution will be overestimated due to the

background pollutant problem [24–27].

In this study, the Tangwang River Basin, which is prominently affected by the background values,

is taken as the research object. According to standard for water function zoning (GB/T50594-2010),

the study area was divided into 9 water function zones with different water quality standards and

service objects to guarantee the sustainable utilization of water resources (Table 1). Perennial low

temperature and short frost-free period decreased soil microbial respiration activity, causing the

accumulation of humic substances (HSs). This underlying surface condition produces organic erosion

in the process of runoff [28,29] and brings a large amount of organic matter into the river, which

leads to the chemical oxygen demand (COD) and ammonia nitrogen (NH3-N) exceeding the standard

perennially (standard values are shown in Table 1). This also presents an obstruction for effective

regional water quality control. Therefore, we have systematically studied the background value of

the study area. The main contents are as follows: (1) Clear the influence of background values on

the water quality in Heilongjiang by comparing the environmental characteristics and water quality

standards of 31 provinces in China; (2) by coupling an improved export coefficient model (ECM)

with a mechanistic model, the land use yield coefficients suitable for this study were determined and

their rationalities were verified; (3) to quantitatively estimate the background pollutant outputs in

2015 using the improved ECM; (4) a reasonable and objective method for water quality management in

the study area was proposed after considering background pollutant values.
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Table 1. Types of water function zone and water quality standards for each type.

Number Type Standard
Permissible Maximum Value (mg/L)

Remarks
COD NH3-N

a
River source

water reserve
II 15 0.5

a: Delimited waters of great
significance for the protection

of water resources, natural
ecosystems and rare and

endangered species; b,e: Water
demarcated to meet industrial

water use and agricultural
irrigation needs; c,f,h,i: Water
delimited for the purpose of

accepting production and
discharge from sewage outlets
of domestic wastewater; the

wastewater accepted does not
have a significant adverse

impact on the water
environment; d,g: Water area

delimited to meet the
transition water quality

standards in lines connecting
adjacent water functional

zones with great differences in
water quality.

b

Agricultural
and industrial

water use
zoning

IV 30 1.5

c
Discharge

control zoning
/

d
Transition

zoning
IV 30 1.5

e
Industrial
water use

zoning
IV 30 1.5

f
Discharge

control zoning
/

g
Transition

zoning
V 40 2

h
Discharge

control zoning
/

i
Discharge

control zoning
/

2. Materials and Methods

2.1. Study Area

The Tangwang River is one of the ten rivers in Heilongjiang Province, China. The catchment

area of its basin is about 21,000 km2 (Figure 1). The northern part of the basin is bounded by the Xiao

Hinggan Mountains and connected with the left bank tributary of Heilongjiang River. The annual

average temperature is 0.6 ◦C, and the annual average temperature is below 0 ◦C, which is observed

for five months. The annual precipitation varies from 530 to 700 mm, with precipitation from May to

September accounting for 75% of the total annual precipitation. The main types of soil are dark brown

loam and swamp soil rich in organic matter, and the forest coverage in the basin is as high as 87.9%.

Perennial freeze-thaw alternation prevents complete decomposition of litter and HSs accumulates on

the surface. Moreover, litter decompose slowly and accumulate massively on the surface owing to the

special climatic and hydrological conditions [30–32]. Consequently, a large amount of organic matter

flows into the river with rainfall-runoff, resulting in degraded regional water quality.
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Figure 1. Partition of sampling sites in the Tangwang River Basin according to land-use types. (a) The

river is divided into upper, middle, and lower reaches according to the control area of hydrological

stations (H1–H3); (b) monitoring stations for water quality in water function zones (R1–R9); background

monitoring stations (1–19) were used to monitor water quality in areas where human activity is scarce;

Non-background areas include areas with high intensity of human activity; reference standard

(GB/T50594-2010) for the division of water function zones.

2.2. Data Source

The main data used in this study included data on land-use types, precipitation, synchronous

monitoring data of water quality and quantity and socio-economic statistics (Table 2). Spatial data

were processed in ArcGIS 10.2.

Data from the hydrological stations (H1–H3) were for January 2011 to December 2013, and the

synchronous monitoring of water quality and quantity at the hydrological stations was done twice

a month in the dry season (January–March and October–December) and three times a month in the

wet season (April–September). Data from the monitoring stations (S1–S9) were for January 2005 to

December 2014 and done once a month. Data from the background monitoring stations (1–18) were for

May 2015 and done only once.
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Table 2. Main data sources and purposes.

Data Types Purpose Sources

Land-use types Model structure
Landsat 8 OLI interpretation of satellite remote

sensing images

Precipitation Analysis of rainfall impact
National Meteorological Information Centre

(http://data.cma.cn/)

Topographic data
Terrain division and
watershed division

National Geographic Centre; Geospatial data cloud
(http://www.gscloud.cn/sources/)

Water quality and quantity data
Estimation of pollutant output
and evaluation of water quality

Yichun Water Environment Monitoring Centre
(H1–H3); Heilongjiang Hydrological Bureau (S1–S9);

Project Research Group (1–18)

Socio-economic data
Statistics of sewage

discharge data
Statistical yearbook

2.3. Model Structure

The ECM has certain applicability to simulate the pollution load for areas with insufficient data.

The improved ECM can increase the accuracy and applicability of estimating the pollution output in

river basins [6,7,33,34]. The study area is located in a mountainous area with 90% of the slope above

85◦. The improved ECM used in this study varies from that used in previous studies, in which terrain

factors were not considered. The rainfall influence factor and runoff-migration influence factor were

taken into account in the improved model. The basic equations are as follows:

L =
∑n

i=1
αγEiAi, (1)

α = αtαs, (2)

αt =
AverPreyear

AverPre
, (3)

αs =
Prea,b

AverPrea,b
, (4)

where Ei is the pollutant export coefficient for land use of type i, Ai is the total land use area for type i,

αt is the interannual variation factor for rainfall, αs is the spatial variation factor for rainfall, AverPreyear

is the total annual precipitation for a year (mm), AverPre is the average annual rainfall (11 years of

rainfall data were selected), Prea,b is the precipitation of grid a, b (mm), and AverPrea,b is the average

annual rainfall of grid a, b (mm). γ is the runoff-migration influence factor because most of the study

area is forestland and the effect of the underlying surface on runoff interception is obvious. This paper

considers runoff coefficient rather than topographic factors. The formulas are as follows:

γ =
Q× 365.5× 24× 3600

P
(5)

where Q is the average annual discharge of the sub-basin (m3/s), and P is the total precipitation of the

sub-basin (m3). The total annual pollutant output of the river is calculated according to the pollutant

concentration and discharge at the outlet of the river basin.

L =
12
∑

j=1

c jQ j (6)

where c j is the pollutant monthly average concentration for month j in the river basin, and Qj is the

pollutant monthly average discharge for j months in the river basin.

αγ
∑n

i=1
EiAi =

∑12

j=1
c jQ j. (7)

199



Water 2019, 11, 1103

In the study area, land use is mainly forest and grassland, followed by farmland, residential

land, and another land account for a relatively low proportion. Therefore, only the pollution sources

from forest and grassland and farmland were considered in the ECM. The output of pollutants from

residential land and other land was calculated according to local sewage discharge information.

αγ
n

∑

i=1

EiAi =
12
∑

j=1

c jQ j − Ln (8)

Ln is the discharge of human pollution sources in the basin for areas with a single land use type.

The formulas can be translated as follows:

E =

∑12
j=1 c jQ j − Ln

αγA
. (9)

2.4. Management and Assessment Method

In 2011, the Central Committee released Document No. 1, which clearly stated that the most

stringent water resource management system should be implemented, and the “three red lines” of

total water use control, water use efficiency control, and restriction of pollution acceptance in water

function zones should be established. The third one is to strengthen the management of water function

zones for restricting pollution acceptance, such that the total amount of main pollutants entering rivers

and lakes can be controlled within the scope of the pollution acceptance capacity of rivers, and the rate

at which water function zones meet the water quality standard should be increased to more than 95%.

Water pollution acceptance capacity is an important basis for regional water pollution control and

management. It consists of two parts: the first part is called target capacity, which is determined by

the difference between water flow rate, environmental quality target, and baseline value; the second

part is called degradation capacity [35,36]. There are many methods for calculating water pollution

acceptance capacity. The following one-dimensional calculation formula is suitable for rivers with

uniform pollutant mixing:

S = 86.4Q(C−C0) + kCV

where S is the water pollution acceptance capacity, Q is the outlet discharge of basin, C is the

standard value of pollutant concentration, C0 is the outlet concentration, K is the comprehensive

degradation coefficient of pollutants, and V is the regional environmental volume. S is closely

related to water quality standards and management objectives and plays a restrictive role in regional

socio-economic development.

According to GB/T50594-2010, the study area was divided into nine water function zones. The types

and water quality standards are listed in Table 1. When the water quality monitoring value is higher

than the water quality standard value (permissible maximum value), it will exceed the standard,

and regional pollution discharge should be controlled.

3. Results and Discussion

3.1. Impact of Background Pollutants

There are 194 water function zones on the main rivers in Heilongjiang Province. Among them,

the Tangwang River Basin is divided into nine water function zones. Figure 2 compares the population

density, annual discharge of COD and NH3-N per unit area, forest land coverage, and rate of

water function zones reaching the standard in 31 provinces of China. The population density is

87 persons/km2, the annual discharge of COD and NH3-N per unit area are 0.86 and 0.12 t/km2a,

respectively, in Heilongjiang Province. In addition, the forest coverage is relatively high, indicating

the good maintenance of the ecological environment in Heilongjiang Province. However, the rate of

water function zones meeting the standard is insufficient (Figure 2e). According to the response of the
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local water quality management department, the main reason for the low rate is that COD and NH3-N

exceed the permissible maximum value.

The results shown in Figure 2 confirm that the water quality in Heilongjiang Province is

affected by background pollutants. Because Heilongjiang Province is located in northeast China,

low annual average temperatures and short frost-free periods inhibit biological activity, resulting

in the accumulation of a large amount of partially decomposed litter to form a thicker humus layer.

In addition, perennial freeze-thaw alternation causes the breakdown of plant residual cells and the

easy dissolution of organic solutes [30]. Moreover, the influx of runoff into rivers leads to excessive

pollutants in rivers, which further affects the management and assessment of regional water quality.

Therefore, research on background pollutants is very important for the study area.

 

 

Figure 2. Comparison of factors in 31 provinces of China. (a) Population density; (b) forest land

coverage; (c) annual discharge of COD; (d) annual discharge of NH3-N; (e) the rate of water function

zones meeting the standard. COD: chemical oxygen demand; NH3-N: ammonia nitrogen.

3.2. Pollutant Yield Coefficient

Common methods for determining the export coefficient are literature consultation, field

monitoring, and statistical data consultation; many scholars have based their export coefficients

on previous studies [6,7]. The study area features a single type of land use, mainly forest land

and farmland, which account for 93.9% of the total area. The special geographical location and

201



Water 2019, 11, 1103

hydro-climatic conditions have led to the formation of the underlying surface with high humus

content, which results in the high pollutant yield under the action of runoff erosion. Therefore, if the

export coefficient of this region is derived from land use in other regions, large errors will occur

in the simulation results. According to the three water quality and quantity monitoring stations

shown in Figure 1, the whole basin is divided into the upper, middle and lower parts. The land

use in the upstream source area is forest and grassland, accounting for 95.8%. The pollutant yield

coefficient for forest and grassland can be determined using Formula 9 rather than the export coefficient,

considering the runoff-migration influence factor. Then, the pollutant yield coefficient for farmland

can be calculated according to the middle and lower reaches.

The distribution of the rainfall influence factor in the study area for three years from 2011 to

2013 is shown in Figure 3. It ranges from 0.45 to 1.43, with greater values in 2012 and 2013 than in 2011.

 

 

Figure 3. Distribution of rainfall influence factor in the study area ((a) 2011; (b) 2012; (c) 2013).

According to Formula (5), the distribution of the runoff-migration influence factor is calculated by

using a grid calculator. The values range from 0.28 to 0.66 (Figure 4).

 

 
Figure 4. Distribution of runoff-migration influence factor in the study area ((a) 2011; (b) 2012; (c) 2013).

Based on the monitoring data from 2011 to 2013, the COD and NH3-N yield coefficients for

forest and grassland in the study area were calculated. The average values calculated over 2011 to

2013 were brought into the lower and middle reaches and the yield coefficient for farmland for

2011–2013 was determined using Formula 9 (Table 3). Compared with the export coefficient of land

use in previous studies, the yield coefficient calculated was much larger than that in previous studies.

This is due to the essential difference between the pollutant export coefficient and yield coefficient in

terms of loss through runoff. The COD yield coefficients for forest and grassland, and farmland were

28.1 t/km2a and 15.8 t/km2a, respectively, and their NH3-N yield coefficients were 0.47 t/km2a and

1.77 t/km2a, respectively.
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Table 3. Pollutant yield coefficient according to land use.

Year Area
Forest and Grassland (t/km2a) Farmland (t/km2a)

COD NH3-N COD NH3-N

2011
Upstream reaches

31.7 0.52 / /

2012 22.6 0.51 / /

2013 29.9 0.37 / /

2011

Middle reaches

28.1 0.47 15.5 1.93
2012 28.1 0.47 14.4 3.07
2013 28.1 0.47 23.7 1.02

2011

Lower reaches

28.1 0.47 7.2 0.54
2012 28.1 0.47 21.3 2.96
2013 28.1 0.47 12.5 1.08

Average 28.1 0.47 15.8 1.77

The land use yield coefficient is much higher than that listed in the literature [37,38], which is why

the region is heavily affected by background pollutants. In order to demonstrate the applicability of

the high yield coefficient obtained in this study, the whole basin was divided into the background and

non-background areas according to land use, and water quality monitoring stations were set up in the

background area (May 2015, sampling site: 1–19). The distributions of values exceeding the standard

(Table 1) of water quality are shown in Figure 5. The upstream standard value is lower than that in the

middle and lower reaches. Therefore, values exceeding the standard value at each monitoring point

decrease gradually from upstream to downstream.

The concentration of pollutants also appears to be high in regions with almost no human activities,

which shows that the high yield coefficient obtained is consistent to a certain extent. Distribution of

values exceeding the standard further proves that water quality is affected by the background values

of COD and NH3-N and the degree of impact is greater. Therefore, it is unreasonable that higher

concentrations of pollutants caused by natural factors are considered to be substandard.

 

 

Figure 5. Distribution of values exceeding the standard (standard value subtracted from monitoring

value). (a) Chemical oxygen demand; (b) ammonia nitrogen.

The correlation between perennial monthly mean pollutant concentration and flow was determined

on the basis of the data from synchronous monitoring of water quality and quantity at three monitoring

stations (S1, S3, S9) from 2001 to 2014 (Figure 6). The results show that the correlations between COD,
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NH3-N, and flow in the upstream region are high (0.69 and 0.60, respectively). In the middle and

downstream regions, the correlation between COD and flow was lower than that in the upstream

region (0.60). This may be attributed to sewage discharge in the middle and downstream regions.

However, a negative correlation was observed between NH3-N and flow, which may indicate that the

impact of human sewage on NH3-N output in the river basin is relatively large compared with that

of COD.
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Figure 6. Correlation between perennial monthly mean concentration and flow. (a) Upstream reaches,

COD and flow; (b) upstream reaches, NH3-N, and flow; (c) middle reaches, COD, and flow; (d) middle

reaches, NH3-N, and flow; (e) lower reaches, COD, and flow; (f) lower reaches, NH3-N, and flow (COD:

chemical oxygen demand; NH3-N: ammonia nitrogen).
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3.3. Pollutant Load and Management

The study area was divided into 22 sub-basins according to elevation data and catchment area.

Among them, the 22nd sub-basin is the catchment area of the main stream of Tangwang River and

others flow into the mainstream. To control the pollutant load into the main stream, it is necessary to

know the pollutant load into each sub-basin. According to the results of ECM simulation combined

with the investigation of human pollution sources, the pollutant output of each sub-basin for 2015 was

estimated (Figure 7). The pollutant load in the main stream area was the highest, followed by sub-basins

16 and 21, which are the focus of pollution prevention and control. The pollutant load in several

sub-basins in the upper reaches was found to be relatively low. Overall, the basin showed a trend of an

increasing load from the upstream to downstream areas.

 

 
Figure 7. Spatial distribution of pollutant load in 2015. (a) Chemical oxygen demand; (b) ammonia nitrogen.

According to GB/T50594-2010, the Tangwang River Basin was divided into nine water function

zones, and the pollutant output of the water function zones in 2015 was simulated (Figure 8).

The simulated values of COD ranged from 6.2 × 104 to 0.21 × 104 t. The largest pollutant output was a,

followed by h, b and c, with outputs of 5.0, 4.5, and 4.3 × 104 t; the NH3-N simulation results ranged

from 0.15 to 0.0086 × 104 t. According to the sewage discharge limit of each water function zone for the

planning year 2020, a considerable amount of pollutant output should be reduced. However, a large

part of the pollutant output in several water function zones is caused by background pollutants.

Therefore, the regional sewage discharge limit should be reconsidered with the regional background

pollutants in mind.

The spatial distribution of the NH3-N pollutant output was different from that of COD. The main

reason for this difference is that the discharge amounts of COD and NH3-N in each water functional

area were different. The output of COD was higher upstream than downstream, while the output of

NH3-N showed the opposite pattern. This shows that the influence on sewage discharge of NH3-N

was significantly higher than that of COD in the middle and downstream areas.
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Figure 8. Pollutant output distribution in water function zones in 2015. (a) Chemical oxygen demand;

(b) ammonia nitrogen.

In this paper, we suggest two methods for determining pollutant output. In the first method,

the output of background pollutants (from forests and grasslands) is not taken into account. The regional

pollutant output is calculated according to the output of human pollution sources and farmland

pollutants. The second method is to design a sewage discharge limit for the planning year considering

the background pollution output and to provide an invariable value for the yield coefficient of

background pollutants. The purpose of this method is to control the output of background pollutants

(disturbance from human activities such as logging and collection of resources from forests in mountains

increases the loss of background pollutants). The area more representative of the background should

be selected as the area for calculating the yield coefficient of forest and grassland.

We selected the first method as an example to account for the regional pollution output in 2015;

forest and grassland as the source of background pollutants were not considered. The calculation

results of pollutant output and sewage discharge limit are shown in Figure 9. A considerable amount of

pollutant output should be reduced in water function zones b, c, d, and h in order to meet the emission

requirements of the planning year, for which farmland pollutant output is the main target of reduction

in b, d, and h, whereas sewage discharge from human production activities needs to be controlled in c.

Figure 9b shows that the NH3-N outputs of b, c, d, f and h significantly exceed the sewage discharge

limit of the planning year. The output from farmland and sewage discharge are the key objects of

pollution prevention and control in these function zones. Compared with COD output, human sewage

discharge of NH3-N accounts for a large proportion in water function zones that exceed the discharge

limit, which also reflects the relationship between flow and pollutant concentration (Figure 6). In the

upstream reaches, the concentration of non-point source pollutants entering the river is proportional to

flow (Figure 6a,b), and for the middle and lower reaches of the river, the concentration of pollutants

entering the river is not positively correlated with the flow because it is greatly affected by human

sewage discharge. By revising the sewage discharge limit, the control object and control index with

respect to the water function zoning in the study area needs to be clear. This method overcomes the

interference of background pollutants in determining the discharge capacity limit and is convenient

for regional water quality management.
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Figure 9. Total output of pollutants and sewage discharge limit of water function zones. (a) Chemical

oxygen demand; (b) ammonia nitrogen.

3.4. Assessment Method Considering Background Value

For water quality monitoring, three values should be considered: “baseline value”: self-produced

pollutants of the river ecosystem; “background value”: the impact of the natural environment on water

quality; “pollution value”: the impact of human activities on water quality. In order to objectively

evaluate the impact of human activities on water quality, the influence of background value and

baseline value should be considered on the basis of current water quality assessment methods. In other

words, the background value should be subtracted from the monitoring value and then evaluated

according to GB 3838-2002. Two methods are proposed to determine the background value (Figure 10).

One is to set up monitoring stations in the upper reaches or areas without human activities, through

which the baseline value is determined according to the concentration mean in the dry season to

ensure that the water is not affected by surface recharge and exogenous pollutants. The monitoring

value during the wet season contains the baseline value and the background value, through which the

background value can be calculated. The second method is to consider the impact of rainfall on the

output of background pollutants during the wet season. The total output of background pollutants is

estimated by ECM for an entire year, and then the total output for each month is distributed according

to the proportion of monthly rainfall to annual rainfall. Based on the monthly average flow of the

monitoring station, the background concentration for the month is calculated, and then the monitoring

value is revised.
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Figure 10. Flow chart of assessment methods considering background value.

4. Conclusions

By comparing the social, economic, and natural environments of 31 provinces in China and

considering the results of this comparison in combination with the water quality standards for water

function zones, it was clear that the surface water quality of Heilongjiang Province was seriously

affected by background values (COD and NH3-N); this was affecting water quality management and

assessment in Heilongjiang Province. To manage and assess water quality reasonably and objectively

in areas seriously affected by background values, the Tangwang River Basin in Heilongjiang Province

was selected as the study area and an improved ECM was applied to quantify background pollutants.

Firstly, model parameters in the ECM were determined by coupling the improved ECM with a

mechanistic model—pollutant yield coefficients of forest and grassland (COD: 28.1 t/km2a, NH3-N:

0.47 t/km2a) and farmland (COD: 15.8 t/km2a, NH3-N: 1.47 t/km2a) and their validities were verified

using water quality monitoring data with high pollutant concentrations from background monitoring

stations (1–19). The results of the correlation analysis show that there is a significant positive correlation

between pollutant concentration and flow in the upstream areas, indicating that runoff is the main

factor driving background pollutant amounts. However, the correlation between the middle and lower

reaches of the basin is not significant or even negative because of the impact of human sewage. Based on

the 22 sub-basins and nine water function zones in the basin, the spatial distribution characteristics of

pollutant output in the study area were analysed. Then, the regional sewage discharge limit scheme

was re-approved, and water quality evaluation methods are proposed after considering background

pollutants. The revised scheme effectively avoids the influence of background values and objectively

reflects the impact of human activities on water quality. The results of this study provide a scientific

basis for improving China’s water quality management and assessment system. It is suggested that the

relevant departments should consider regional differences when formulating schemes and standards.

This study did not fully demonstrate the background characteristic of the upstream area when

determining the yield coefficient of the background pollution source (forest and grassland). It is

suggested that the background characteristics of the simulated area be fully considered in the application

of the ECM to study the background values of water quality. Due to limitations in monitoring data,
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the proposed water quality evaluation method was not verified via practical application, but the

method is reasonable.
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Abstract: Best management practices (BMPs) are an effective way to control water pollution.

However, identification of the optimal distribution and cost-effect of BMPs provides a great challenge

for watershed policy makers. In this paper, a semi-distributed, low-data, and robust watershed

model, the Revised Generalized Watershed Loading Function (RGWLF), is improved by adding

the pollutant attenuation process in the river channel and a bank filter strips reduction function.

Three types of pollution control measures—point source wastewater treatment, bank filter strips,

and converting farmland to forest—are considered, and the cost of each measure is determined.

Furthermore, the RGWLF watershed model is coupled with a widely recognized multi-objective

optimization algorithm, the non-dominated sorting genetic algorithm II (NSGAII), the combination

of which is applied in the Luanhe watershed to search for spatial BMPs for dissolved nitrogen

(DisN). Fifty scenarios were finally selected from numerous possibilities and the results indicate

that, at a minimum cost of 9.09 × 107 yuan, the DisN load is 3.1 × 107 kg and, at a maximum cost of

1.77 × 108 yuan, the total dissolved nitrogen load is 1.31 × 107 kg; with the no-measures scenario, the

DisN load is 4.05 × 107 kg. This BMP optimization model system could assist decision-makers in

determining a scientifically comprehensive plan to realize cost-effective goals for the watershed.

Keywords: BMPs; Revised GWLF; optimization; NSGAII; water quality

1. Introduction

Water pollution has received increasing attention, and many countries have increased their

investments into water pollution control and water resources protection [1]. Designing scientific,

reasonable, and efficient management measures to control or reduce pollutants at the watershed scale

has become one of the most challenging problems for policy researchers and decision makers [2].

Many policies for the selection of best management practice (BMPs) have been created and applied

to specific cases all around the world. For example, the United States and Europe have developed

the corresponding Total Maximum Daily Loads and European Water Framework Directive for such

purposes [3,4]. The implementation of these plans has provided a sufficient theoretical basis for

subsequent watershed governance research [5].

BMPs are the most effective measure for controlling watershed pollution, including vegetative filter

strips, land-use transformation, reducing the amount of fertilizer, terraces, and so on [6]. In general,

BMP implementation plans should consist of a combination of maximum pollution reduction and
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minimal financial costs, due to limited budgets [7]. To our best knowledge, there are three optimization

techniques which achieve the purpose. The first is setting a fixed number of scenarios manually and

then calculating the corresponding pollutant production and cost separately [8,9]. By comparing the

results of a limited number of different BMP scenarios, the final solution can be picked out. This

method is straightforward and easy to implement, but may cause biased results as it depends on the

experience of managers. Thus, the solution may not be the most cost-effective at the watershed scale [10].

The second is aggregating the environmental goals and economic factors into a single compromised

objective function (e.g., a genetic algorithm or TaBu search algorithm) [11,12]. Through coupling

the watershed model and optimization algorithm, only one optimal solution can be searched [13].

Compared with the first method, this method is more objective but usually takes more time, due to

the necessary model runtime for each population per generation. The last technique is the coupling

of a multi-objective optimization algorithm and a distributed watershed model to search over a set

of solutions. This technique is similar to the second one, but it is able to provide a range of different

trade-off BMPs among two or more conflicting objective functions. Due to its comprehensiveness and

accuracy, it has been widely used in recent years [14].

The non-dominated sorting genetic algorithms II (NSGAII) is the most popular method for

multi-objective optimization, whose ultimate goal is to find “Pareto-optimal” solutions, which is a

modified version based on the genetic algorithm [15]. For example: Maringanti et al. utilized the

Soil and Water Assessment Tool (SWAT) model and NGSAII to analyze the funding input under

different combinations of fertilization reduction ratios, riparian filter belt widths, and other agricultural

management measures in a tributary of the Mississippi River [16,17]; Ahmadi et al. combined the

SWAT model and the NSGAII algorithm to evaluate the prevention and treatment effects of Atrazine

through various evaluation indicators and non-point source management measures in the Eagle Creek

Watershed in Indiana, USA [18]; and Geng et al. coupled the SWAT model and NSGAII algorithm to

calculate the relationship between the amount of nutrient reduction and the required funding in the

Chaohe River Watershed upstream of the Miyun Reservoir in China [19]. However, almost all studies

in this category have focused on non-point source pollution BMPs and ignored point source BMP

measures. It can be inferred, therefore, that the description of point source measures is not easy in the

management practices of the watershed model.

Besides the selection of optimization technique, effective watershed management requires an

understanding of the fundamental hydrologic and physicochemical processes in the watershed system,

which are non-linear, dynamical, and complex [20]. Therefore, the applicability of the basin watershed

model is very essential. A number of comprehensive watershed models have been developed to

simulate hydrology and water quality in basins, and previous studies have demonstrated that some

watershed models are well-behaved for the selection and targeted placement of BMPs (e.g., SWAT and

AnnAGNPS) [21,22]. However, the watershed models in most previous studies have a high demand for

data, and are difficult to apply in some areas where there is a lack of data [23]. The Revised Generalized

Watershed Loading Function (RGWLF) is an improved semi-distributed hydrological model based on

the Generalized Watershed Loading Function (GWLF) model, which has favorable stability, robustness,

and less data requirements [24].

Given the above considerations, in this study, we incorporated RGWLF and NSGAII to identify a

set of optimal BMPs based on both point and non-point source pollution control practices. Three tasks

were completed to accomplish this research target: (1) adding the nutrient channel routing algorithms

into the RGWLF then calibrating and verifying the parameters of the model; (2) determining the specific

point source and non-point source management measures based on the established model; and (3)

coupling the RGWLF model and NSGAII optimization algorithm based on a parameter sensitivity

analysis to identify the optimal spatial allocation of BMPs for dissolved nitrogen.
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2. Materials and Methods

2.1. Study Area and Data Sources

The Luanhe River watershed, which is located in North China (Figure 1), was selected in this

study. It is a major component of one of the nine main river watersheds in China: the Haihe River

watershed. It has been listed by the Chinese government as an important ecological conservation

area in the Beijing–Tianjin–Hebei region. At the same time, its downstream reservoir is an important

source of drinking water. The study watershed covers an area of about 30,000 km2. According to the

2010 national Land Cover Data set, the watershed consists of 39.2% forest, 33.3% grassland, 21.6%

agricultural area, and 1% water bodies. The climate is dominated by temperate semiarid monsoon

climate. From 2000–2014, the annual average temperature for this area was 5.7 ◦C and the mean annual

precipitation was 422 mm. Most of the precipitation was concentrated between April and August.

 

 

Figure 1. Location, sub-basins, land-use distribution, and elevation of the Luanhe watershed.

QGIS3 (https://qgis.org/en/site/index.html) and TauDEM (http://hydrology.usu.edu/taudem) were

used to divide the Luanhe River Watershed into 62 sub-basins. Climate data were obtained from the

Annual Hydrological Report P. R. China for precipitation data and the China Meteorological Data

Service Center for temperature data. Thirty-meter resolution digital elevation models (DEMs) were

downloaded from the Geospatial Data Cloud (http://www.gscloud.cn). Furthermore, a land-use map (in

vector format) was provided by the National Earth System Science Data Center (http://www.geodata.cn).

Observed flow data were gathered from the Annual Hydrological Report P. R. China. The hydrological

monitoring station and the water quality monitoring station are located in sub-basin 62, which is at the

outlet of the whole watershed. The above-mentioned data for the model setup are summarized in

Table 1.
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Table 1. Watershed Model input data used in the study.

Data Type Data Description Source Time

Weather

Rainfall stations with the daily
precipitation;

Annual Hydrological Report P.R. China 2005–2014

Temperature stations with the daily
average temperature

China Meteorological Data Service Center
(http://cdc.cma.gov.cn/en)

2005–2014

DEM Digital elevation model (30 m × 30 m) Geospatial Data Cloud (http://www.gscloud.cn/) 2009

Land-use Shapefile
Institute of Geographic Sciences and Natural

Resources Research, CAS
2010

Hydrology Streamflow/Monthly Annual Hydrological Report P.R. China 2006–2014

Water Quality Dissolved Nitrogen/Monthly Chinese Academy of Environmental Planning 2006–2014

Point source Annual discharge Chinese Academy of Environmental Planning 2005–2014

2.2. The Watershed Model

The RGWLF model is a semi-distributed simulation model, which includes sub-basin calculation

and the channel routing process, in contrast to the original model (GWLF) [25]. Detailed improvements

and verification can be referred to in the author’s previous article [24]. However, the original study

did not include a description of the pollutant transport process in the channel. In this study, we added

nutrient channel routing algorithms and made several references to the equations of the Sparrow

models. Its main assumption is that contaminant flux along the stream satisfies a first-order decay

process and the fraction of contaminant removed over a given stream distance is estimated as an

exponential function of a first-order reaction rate coefficient and the cumulative water time of travel

over this distance [26]:

NtrStorei,t = NtrStorei−1,t + UpNtri,t + LandNtri,t + PntNtri,t, (1)

NtrOuti,t = NtrStorei,t × FlowOuti,t/FlowStorei,t, (2)

NtrOuti,t
′ = NtrOuti,t × exp(θi·TravelTimei,t), (3)

where

NtrStorei,t represents the amount of nutrient load in reach i at day t;

UpNtri,t represents the amount of nutrient load from upstream in reach i at day t;

LandNtri,t represents the amount of nutrient load from local land area in reach i at day t;

PntNtri,t represents the amount of nutrient load from a point source in reach i at day t;

NtrOuti,t represents the amount of nutrient load to an outflow before attenuation in reach i at day t;

NtrOuti,t’ represents the amount of nutrient load to an outflow after attenuation in reach i at day t;

θi represent the nutrient attenuation exponent in reach i; and

TravelTimei,t represents the flow travel time in reach i at day t.

2.3. BMPs and Costs

Three management practices were selected in this study: point source wastewater treatment, bank

filter strips, and converting farmland to forest. The cost information for each practice is summarized in

Table 2, which was based on published data and reports for this region.

According to the characteristics of point source wastewater in the study area, the sequencing

batch reactor (SBR) treatment process was selected as the treatment method. This process is suitable

for treating starch plant wastewater [27,28]. The cost of wastewater treatment consists of two parts:

the construction of a wastewater treatment plant and wastewater treatment per unit volume:

Costpns =
∑n

i=1

[

2.9178×Qi
0.9427 +

∑T

k=1

(

qi,t ×Ce

)

]

, (4)
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where 2.978 × Qi
0.9427 represents the construction costs of the sewage treatment plant [29], where Qi

(m3·day−1) represents the scale of sewage treatment in sub-basin i; T represents the total number of

days during the simulation; qi,k (m3) represents the actual treatment flow of the sewage treatment plant

in sub-basin i at day t; and Ce (yuan/m3) represents the costs of treating wastewater per cubic meter.

The cost of land-use conversion refers to the policy documents of the Chinese Ministry of Finance

on returning farmland to forests. The bank filter strip trapping efficiency for nutrients is calculated

using the following equations:

trapsurface = 0.367×
(

widthfiltstrip

)0.2967
, (5)

trapsubsurf = 0.01×
(

2.1661×widthfiltstrip − 5.1302
)

, (6)

where trapsurface is the fraction of the constituent loading trapped by the filter strip, trapsubsurf is the

fraction of the subsurface flow constituent loading trapped by the filter strip, and widthfiltstrip is the

width of the filter strip (m).

Table 2. Cost information and type of practices in the optimization.

Practice Type Sub-Basin Cost

Wastewater treatment 1 0%, 10%, 20%, 30%, 40%, 50% 8, 9, 34, 53–55 1.42 yuan/m3

Converting farmland to forest 0%, 10%, 20%, 30% All 5250 yuan/ha
Filter strips 0, 5, 10, 20, 30 m All 2.83 yuan/m2

1 Sewage treatment plant scale is designed as the corresponding ratio of maximum wastewater discharge from the
sub-basin during the simulation.

2.4. Multi-Objective Functions and NSGAII Optimization Processes

NSGAII generates offspring using a specific type of crossover and mutation and selects the

next generation according to non-dominated sorting and crowding distance comparison. Figure 2

illustrates the genetic encoding of the various measure’s structures for arrangement of conservation

practices in the optimization algorithm. The sub-basins delineated by RGWLF and the configurations

of management practices in each sub-basin form the basic chromosome units. The length of each

chromosome is equal to the total number of sub-basins.

 

 Cost୮୬ୱ =  ∑ [2.9178 ∗ Q୧଴.ଽସଶ଻ + ∑ ൫q୧,୲ ∗ Cୣ൯୘୩ୀଵ ]୬୧ ୀ ଵ , 
s

−

trapୱ୳୰୤ୟୡୣ =  0.367 ∗ ൫width୤୧୪୲ୱ୲୰୧୮൯଴.ଶଽ଺଻,trapୱ୳ୠୱ୳୰୤ =  0.01 ∗ ൫2.1661 ∗ width୤୧୪୲ୱ୲୰୧୮ −  5.1302൯,

 

min =  ∑ Cost୮୬ୱ,୧ +  Cost୪୳,୧ + Costୱ୲୰୧୮,୧୬୧ୀଵ

Figure 2. Gene string (chromosomes) for best management practices (BMPs) optimization in

the watershed.

The analytical flow chart for this research is outlined in Figure 3. The watershed model was

created to provide the nutrient load; the cost of management practices will be calculated by referring

to the policy literature and actual surveys. To obtain the most cost-effective set of BMPs, the operation

217



Water 2020, 12, 235

must satisfy two objective functions—the minimization of net total cost and the lowest dissolved

nitrogen load—which are expressed by the equations:

min =
∑n

i=1
Costpns,i + Costlu,i + Coststrip,i, (7)

min =
∑n

i=1
DisNi,BMPs, (8)

where Costpns,i, Costlu,i, and Coststrip,I are the costs of wastewater treatment plant, converting land-use,

and bank filter strisp in sub-basin i; and DisNi,BMPs is the total dissolved nitrogen load in sub-basin i.

 

min =  ∑ DisN୧,୆୑୔ୱ୬୧ ୀ ଵ

 

 

 

 

 

 

Figure 3. The optimization process for BMP selection and placement.

The optimization process consists of several procedures, as follows:

(1) Initialize the population and read the watershed model input data. Then, simulate the

baseline scenario.

(2) For the two objective functions, obtain the pollutant load of the basin model and the net cost of

each management measure combination.

(3) Through a series of processes, including non-dominated sorting, calculation of crowded

distance, selection, crossover, and mutation, NSGAII obtains the Pareto-optimal result set of

the current generation.

(4) Repeat the second process, determine whether it is the last generation, and then perform the

third process.

3. Results and Discussion

3.1. RGWLF Model Calibration and Validation

Nine years of monthly records of observed streamflow and dissolved nitrogen data were used

for model calibration and verification at the outlet of the watershed. The simulation period was from

2005–2014, in which the first year (2005) was used as a warming-up period, the data from 2006–2011

were used for the calibration process, and the rest were used for model validation.

The generalized likelihood uncertainty estimation (GLUE), a frequently used Bayesian parameter

estimation method, was used for calibration analysis in terms of both hydrology and pollutants for the

watershed model [30,31]. Table 3 lists the uniform prior distribution range and best value for each

calibrated parameter after 10,000 iterations. The Nash–Sutcliffe efficiency (NES) and the coefficient of

determination (R2) were selected as the simulation evaluation criteria [32]. NSE can range from minus
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infinity to 1 and an efficiency of 1 indicates a perfect performance. R2 ranges from 0 to 1, with higher

values indicating a better fit for the model.

Table 3. Parameters selected for the calibration.

Parameters Name Initial Range Calibration

Recession coefficient 0.008 [0, 0.015] 0.00782
Seepage coefficient 0.01 [0, 0.02] 0.00671
Recession threshold 10 [0, 20] 17.784
Seepage threshold 10 [0, 20] 6.497
Leakage coefficient 0.06 [0, 0.08] 0.0436

CN2 1 - [−0.15, 0.15] −0.0418
Agriculture 75 - -

Forest 35 - -
Grass 45 - -
Urban 95 - -

Dissolved nitrogen Concentration (mg/L) - - -
Agriculture 4.0 [2.0, 6.0] 4.66

Forest 0.2 [0.1, 0.3] 0.12
Grass 2.0 [1.0, 3.0] 1.76

During fertilizer (mg/L) Agriculture 10.0 [7.0, 15.0] 12.47
Underground dissolved nitrogen concentration 0.1 [0.01, 0.5] 0.24

Dissolved nitrogen attenuation exponent 0.0004 [0.0, 0.0008] 0.000233

1 Relative changes apply to the CN2 range.

As shown in Figure 4, during the calibration period, the NES was 0.93 for streamflow and 0.68 for

DisN; moreover, the R2 values were 0.93 and 0.68 for the simulated streamflow and DisN, respectively.

At the same time, the model validation for the streamflow R2 and NES were 0.77 and 0.78, respectively.

Similar to streamflow, DisN had a lower validation value of 0.60 for R2 and 0.58 for NES. Both

streamflow and DisN simulations by the model had a good performance on a monthly time scale,

which indicates robustness of the RGWLF model, according to previous research [33].

 

− −

 

 Figure 4. Time-series for the entire period (2006–2014) of observed and simulated monthly streamflow

(a) and dissolved nitrogen (b).
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3.2. Sensitivity Analysis of NSGAII Operational Parameters

To ensure accuracy of the NSGAII and optimization operational efficiency, sensitivity analyses

were performed for the four key parameters, including population size, generations, crossover, and

mutation probability, by the one-at-a-time sensitivity analysis method [16,34]. Table 4 lists the default

and per-change values for the four NSGAII parameters.

Table 4. Parameters selected for sensitivity analysis of non-dominated sorting genetic algorithms

II (NSGAII).

Order Population Size Generations Crossover Probability Mutation Probability

1 30 50 0.1 0.001
2 40 80 0.3 0.005
3 50 100 0.5 0.01
4 80 200 0.7 0.03
5 100 500 - 0.05
6 200 - - 0.08

default 80 100 0.5 0.01
optimal 50 200 0.5 0.03

Figure 5a–d illustrate the Pareto-optimal fronts under per-change for the four key parameters.

It is apparent in Figure 5a that the improvement in the Pareto-optimal fronts was remarkable as the

population size increased from 30 to 50, but there was little gap for Pareto-optimal fronts when the

population size was increased from 80 to 200. The main reason for this case is possibly that a population

size of 50 had enough convergence chance for the solution space’s freedom of the whole optimization

system. Furthermore, a value of 50 would considerably reduce the computation time, compared to the

default values of 80, 100 and 200.

 

Figure 5. Pareto-optimal fronts for the sensitivity analysis of NSGAII.

As shown in Figure 5b, the number of generations also had an appreciable impact on the

Pareto-optimal fronts. A significant improvement in the Pareto-optimal front was noticed, with the

number of generations increasing from 50 to 200. In stark contrast, increasing from 200 to 500 did not

bring any improvement for the Pareto-optimal fronts.

Unlike the above two parameters, the Pareto-optimal front was not sensitive to changes in the

crossover probability, which is displayed in Figure 5c. The Pareto-optimal front had an inconspicuous
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shift approaching the origin as the crossover probability increasing from 0.1 to 0.5. When the crossover

probability reached a value of 0.7, the Pareto-optimal front was farther away from the origin.

The trend of the Pareto-optimal front, as affected by the change of Mutation probability, is presented

in Figure 5d. What stands out most in this figure is that mutation probability is a sensitive parameter,

especially in the range from 0.001 to 0.03, where the Pareto-optimal front approached the origin with

an increase of parameter value. However, there was no benefit for the Pareto-optimal front as the

parameter increased from 0.03 to 0.08.

Considering all of the above analyses, the values 50, 200, 0.5 and 0.03 were used as population size,

generations, crossover, and mutation probability, respectively, for the further optimization processes.

3.3. Optimization Result and Cost-Effectiveness Analysis

The baseline scenario for this watershed was no management practice and 4.05 × 107 kg for the

total dissolved nitrogen load over nine years.

Figure 6 provides the final optimization progress with two objectives, minimizing the net cost and

dissolved nitrogen load by scattering four Pareto-optimal fronts belonging to four generations (1, 50,

100 and 200). The overall trend for the four scatter diagrams was that the dissolved nitrogen decreased

as the net cost increased. Each new generation’s chromosomes were initialized by random numbers

without no optimization process (such as non-dominance, selection, crossover, and so on), so it was

regarded as the 0th generation and not shown in the figure. In the first generation, the distribution of

points was more concentrated, indicating that the solutions were less differentiated. As the number

of generations increased, the solution became more and more scalable, and came closer to the origin.

For the final generation, the most widespread solution set, which was closest to the origin, can be

seen. Thus, the best quality and broadest decision supports were supplied to the policy researchers

and decision-makers.

 

Figure 6. Pareto-optimal fronts for total dissolved nitrogen load and cost.

The set of solutions was divided into three segments with four endpoints, which were: the lowest

cost, the lower tertile cost point, the higher tertile cost point, and the highest cost. The values of cost,

dissolved nitrogen load, and spatial distribution of corresponding management measures for the four

scenarios are shown in Figure 7. For the lowest cost scenario (Figure 7a), the scale of treatment of

polluted water plants is small and the measures are mainly bank filter strips and converting farmland

to forest. As cost increased, the intensity and scale of management practices also increased, which is

illustrated in Figure 7b,c. At the point of maximum cost (Figure 7d), the load of dissolved nitrogen
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reached its minimum value, where the designed daily treatment capacity of the sewage plant was

extremely high and there was no conversion of farmland to forests in some upstream sub-basins.

The majority of management practices are concentrated in middle and lower regions of the watershed.

 

 

Figure 7. The types and locations of optimal BMPs for different costs, as provided in Figure 6.

4. Conclusions

In this study, we supplemented the RGWLF model with the addition of a pollutant attenuation

process in the river channel and a bank filter strips reduction function, based on our previous research.

Meanwhile, taking into account the regional pollution source composition of the watershed studied

and the characteristics of the models used, three types of pollution control measures—point source

wastewater treatment, bank filter strips, and converting farmland to forest—were considered, and the

cost of each measure was determined. Furthermore, the optimization algorithm NGSAII was linked

with the RGWFL watershed model and the implemented measures to search for a Pareto-optimal set

of BMPs. Before the final optimization calculation, sensitivity analyses for the four key parameters of

NGSAII were performed. According to the results of the sensitivity analysis, the entire coupled model

system supplied 50 solutions which could provide managers with many pollution reduction options.

In the end, depending on the cost, we chose four gradient solutions and demonstrated the geospatial

distribution of their different management measure characteristics and briefly analyzed the differences

and features of the four solutions.

The research results show that, with almost no increase in data requirements, dissolved nitrogen

had an excellent simulation performance, expanding the spatial scope of pollutant simulation for

the GWLF. Moreover, due to its robustness and semi-distribution, the RGWLF model was able to be

coupled with NSGAII. The entire linkage system had good performance in the optimization process

and provided a range of watershed implementation measures for DisN reduction and minimizing

cost, which is a worthy reference for policy researchers and decision-makers to realize their watershed

management goals. However, limited by the available data, funding, and researchers’ capabilities,

we did not consider other target indicators, such as sediment, phosphorus, and so on, which could be

carried out in future research.
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Abstract: Coordinating the “green” and “gray” infrastructure construction and the socioeconomic

development is essential to sponge city construction. Most previous research has investigated

the structural and non-structural approach for urban water management, such as operational

practice, engineered measures, technical solutions, or planning management. However, there is

a shortage of strategic management approaches to identify pilot sponge cities, which is essential

to cities in developing countries under huge financial pressures. Hence, this paper proposed

a coupling coordination evaluation index system to assess the coordination degree between

economic development and infrastructure construction in Henan Province in central China. Then,

the paper analyzed the differences of the coordination level and its spatial statistical pattern

of the coupled and coordinated development of sponge city construction in Henan Province.

The results show that: (1) from the perspective of comprehensive level, the problems of inadequate

and unbalanced development of infrastructure construction and economic development level are

prominent; (2) from the perspective of coordinated development level, the level of coupling and

coordination development in Henan Province increased during the sample period, but the level of

coupling and coordination development in each region was small; (3) from the perspective of relative

development, Zhengzhou City is lagging behind in infrastructure, indicating that economic growth

is faster than infrastructure construction, and other regions are lagging economic development,

indicating that infrastructure construction is faster than economic growth; and (4) from the spatial

statistical analysis, there is spatial positive correlation, that is, the area with high coupling degree of

infrastructure construction and economic development level tends to be significantly concentrated

in space. Studies have shown that Henan Province should focus on strengthening the construction

of “green” infrastructure and increasing the infiltration of the underlying surface to counter the

precipitation in urban areas in extreme climates.

Keywords: sponge city; coupling coordination degree; spatial pattern

1. Introduction

In recent years, the acceleration of urbanization in China has caused to the change of underlying

surface. Due to the increasement of extreme climate and the backwardness of urban rainwater

management system, the increasing of surface runoff is the inevitable consequence of frequent urban

flooding. The water problem has become a common urban problem in China, posing a serious threat to

the safety of life and property of urban residents, and has resulted in a huge impact on the environment
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and social economy [1]. For instance, on 21 July 2012, a serious waterlogging disaster occurred in

Beijing, causing 79 deaths and 11.64 billion CNY in economic losses [2]. The 2015 Environmental

Status Report conducted water quality assessments of groundwater monitoring sites in 202 cities.

Among them, 9.1% had good water quality, and 61.3% had poor water quality [3]. Other studies have

also shown that life-saving threats and economic losses caused by urban floods are on the rise [4].

In order to solve the urban water disaster and water environment problems, in 2013, China’s central

urbanization work conference officially proposed the construction of the sponge city [2].

Sponge city means that the city can be like a “sponge”. It has good “elasticity” in adapting to

environmental changes and coping with natural disasters. When it rains, it absorbs water, stores

water, seeps water, and cleans water. When necessary, it releases stored water [5]. In addition to

improving the absorption and storage of rainwater, the sponge city combines “green” infrastructure to

enhance ecological functions, enhance urban aesthetic value, and create additional comfort spaces [6].

In addition, the construction of China’s sponge city also draws on the experience of some developed

countries in urban rainwater drainage facilities, such as the United States’ Low Impact Development

(LID) [7]; the UK’s Sustainable Urban Drainage System (SuDs) [8]; Australia’s Water Sensitive Urban

Design (WSUD) [9]; and New Zealand’s Low Impact Urban Development Design (LIDUD) [10].

Chinese scholars have made a lot of progress in the exploration of sponge city construction, combined

with local favorable conditions to shape the experience of surrounding landscape system and rainwater

system management, and extract the surrounding landscape (river and lake) from the macro level

by using modern technology (Geographic Information System, Remote Sensing, etc.). The system,

from the microscopic level to the landscape design (green roof, etc.), combined with water landscape

reconstruction, can achieve the sustainable development of human-water relationship [2,11–14].

However, in the face of unprecedented climate change and urbanization, it is more important to

strengthen the elasticity of urban infrastructure [15–17]. But most of the research is limited to describing

the flood recovery capacity of urban drainage systems [18,19]. Changes in climatic conditions, such as

increased precipitation intensity, changes in precipitation patterns, and more extreme weather events,

have caused urban drainage systems to be frequently hit by heavy rains [20,21]; urbanization has

increased the concentration of population and economic activity, plus the burden of existing urban social

development systems on sewage, urban runoff and water pollutant types [22]. A sustainable urban

infrastructure system should be effective and adaptable in an uncertain future, which will contribute to

the flexibility of green and grey infrastructure in the future, and to carry out sustainable development

assessments of urban drainage systems [23]. Numerous studies have evaluated the role of different

types of green infrastructure in stormwater management and carbon emission control and compared the

performance of grey infrastructure, which is considered to be mitigating and adapting to climate change

and urbanization. Interferences contribute to the effectiveness of sustainable development [23–25],

but grey infrastructure is also a necessary condition for dealing with extreme rains [26]. The mutual

development and application of grey infrastructure and green infrastructure has been used in many

countries to mitigate urban floods [27,28]. Green infrastructure is an important measure in many

common stormwater management strategies, such as low-impact development, best management

practices, and water-sensitive urban design [29]. The study of China’s sponge cities also evaluated the

effects of green infrastructure [30] and evaluated the performance of low-impact development practices

as a means of reducing water flooding in urban small watersheds [31]. However, the investment and

income mechanism of Sponge City is currently in the exploration stage [32], and the proportion of gray

infrastructure and green infrastructure investment is also rarely considered. Therefore, this requires

urban managers to plan the rainwater management infrastructure from an economic perspective and

an adaptation path [33].

Sponge city construction, as a comprehensive ecological project, should be evaluated from the

aspects of cost, social, and economic benefits, hydrology, and water quality. Lack of adequate financial

support and effective market incentives is one of the main obstacles to sustainable storm water

management [34]. To solve this problem, the United States introduced the Stormwater Utility Fees
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(SUF) in the 1970s, as user fees; SUF has increasingly been used by local governments as an alternative

source of income for implementing sustainable rainwater projects [35]. In China, some researchers

are also exploring revenue sources for sustainable stormwater management, and the research results

show that 76% of the respondents agreed to pay for life-cycle maintenance of sponge city facilities,

and the median amount of willingness to pay was 16.57 CNY (2.53 USD) per month [36]. In addition,

under the guidance of ecological civilization construction, the green infrastructure in China’s sponge

city construction should be incorporated into the ecosystem service value, consider cities as a coupled

nature-human system, for such a system, different urban ecosystem structures, such as lakes, wetlands,

rivers, and parks, are an integral part, providing important services for the landscape, including water

conservation and runoff regulation, and also helping urban residents to support social welfare [37].

The recycling of rainwater for the gray infrastructure of sponge city construction provides services for

the community and green infrastructure. On the one hand, it promotes the efficiency of recycled water

use in the community. On the other hand, it supports the water demand for green infrastructure.

However, these studies are still obviously insufficient for the construction of sponge cities.

Chinese scholars rarely conduct research on economic development level and infrastructure, and the

construction of sponge city is a comprehensive process, establishing a perfect “gray” infrastructure and

“green” infrastructure system, actively promoting the fact that the pilot work of sponge city construction

is the key to solving the problem of domestic embarrassment. To this end, this paper attempts to analyze

the coupling and coordination degree of infrastructure and economic development in 18 prefecture-level

cities in Henan Province, as well as provide a new research idea for the construction of the sponge city

and a theoretical basis for the future development of the sponge city.

2. Materials and Methods

2.1. Study Area

Henan Province is located in the transition zone between central and eastern China, the southern

region and the northern region. It has a large span from north to south. From the west to the east,

the Yellow River runs through. There are many rivers in Henan Province, which provide a surrounding

landscape (rivers and lakes) for the construction of the sponge city. Wetland and green space provide

good carriers for the construction of sponge city. Henan Province has diverse terrain, most of which is

dominated by mountains and plains. The “green” infrastructure construction in different regions is

also very different. Most of Henan’s climate is dominated by temperate monsoon climate, and some

regions are transition from subtropical monsoon climate to temperate monsoon climate. In the zone,

affected by the monsoon climate, the impact of the formation of the mountain microclimate is more

obvious, and the differences between the regions are greater. Therefore, the construction of sponge

cities in different regions varies from region to region; Henan Province has more latitudes, and most of

the region belongs to the “northern region (dividing line between subtropical and temperate monsoons

climate, northern region belongs to the temperate monsoon climate)”; however, Xinyang and Nanyang

cities in the southern part of Henan province have subtropical climates, because they are near the

Qinling Mountains-Huaihe River line (the boundary between temperate and subtropical monsoon

climates). The difference between the south and the north of the south is obvious. The problems faced

by various regions in Henan Province are similar to those faced by China at this stage of development.

They are called “the epitome” of China (Figure 1); the construction of sponge cities in Henan Province

can be studied. The commonality of the sponge city provides practical experience for the construction

of China’s sponge city. The research area is the smallest scale of 18 prefecture-level cities in Henan

Province. The differences in climate, precipitation, and urban development between the regions are

more obvious, but precipitation is mainly concentrated in the summer and autumn, more often with

short-term heavy rain, annual average the temperature is about 16 degrees Celsius, and the annual

precipitation is about 650 mm (Figure 2). In addition, most of the terrain in the southeast of Henan

province is plain, with monsoon climate in summer and short-term precipitation, the precipitation
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is relatively large, and the terrain is low and flat, with slow surface runoff and infiltration, where it

is easy to cause waterlogging. Due to the influence of climate and topography, the precipitation in

the study area decreases from southeast to northwest. However, in recent years, due to unreasonable

development and utilization, as well as the impact of extreme climate, some rivers and lakes are

seriously deficient in water. In the summer and autumn, the urban drainage capacity is insufficient,

and the urban shackles occur, which also hinders the development of the city to a certain extent.

 

Figure 1. Research area.

2.2. Data Source

The construction of the sponge city not only requires the support of science and technology to

change the landscape of the underlying surface but also requires a large amount of funds to build

a “gray” infrastructure system and a “green” infrastructure system. The use of “green” and “gray”

infrastructure can enhance urban resilience, and “green” infrastructure can provide greater adaptability

and resistance to the unpredictability of future climate forecasts. In the face of unsustainable urban

drainage practices, a good strategy is to integrate green and gray infrastructure into a cyclic utilization

control system, which will bring more advantages and reduce problems, while improving existing

elasticity of urban drainage systems [23]. In view of this, this study selected the road area, drainage pipe

length, road length, sewage treatment rate, and number of bridges in the “gray” infrastructure system;

the green area in the “green” infrastructure system, the per capita park green area, the park area;

and the main indicators, such as water reuse rate and green coverage area, economic development

level of GDP, fixed investment in garden green space, fixed drainage investment, urban population,
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and urbanization rate, to be analyzed (Table 1). The missing data of some indicators were simulated by

linear interpolation. In this paper, the missing indicators are the fixed investment in Kaifeng garden

green space and drainage in 2016, as well as the fixed investment in Luohe garden green space and

Xinxiang Drainage in 2014. In this paper, linear interpolation is used, that is, a function method that is

used to calculate an unknown quantity between two endpoints of a line, because the interpolation

accuracy on nodes can be guaranteed to be higher, and it is more convenient than other interpolation

methods, such as parabolic interpolation. The data mainly came from China Urban Construction

Statistical Yearbook 2012–2016 and Henan Statistical Yearbook 2013–2017.

 

Figure 2. Annual average temperature and annual precipitation in the study area.

Table 1. Coupling coordination evaluation index system for sponge city construction.

Target Layer System Layer Indicator Layer Index

Coupling Coordination
Evaluation Index of

Sponge City
Construction in Research

Area (A)

“gray” infrastructure
construction (B1)

Road area (10,000 square meters) X1 Negative
Drainage pipe length (km) X2 Positive

Road length (km) X4 Negative
Sewage treatment rate (%) X5 Positive
Number of bridges (seat) X8 Positive

“Green” infrastructure
construction (B2)

Green area (hectare) X3 Positive

Per capita park green area (m2) X6 Positive
Park area (hectare) X7 Positive

Green coverage area (hectare) X10 Positive

The level of economic
development (C1)

GDP(Billion) X11 Positive
Garden green land fixed investment (ten

thousand yuan) X12
Positive

Drainage fixed investment
(ten thousand yuan) X13

Positive

Urban population (10,000 people) X14 Positive
Built-up area (square kilometers) X15 Negative

Urbanization rate (%) X16 Positive
The actual investment in the construction of

municipal public facilities is in place
(10,000 yuan) X17

Positive
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2.3. Coupling Coordination Mechanism

Coupling refers to the phenomenon that two or more systems interact and influence each other,

while coupling degree is used to describe the degree of mutual influence of multiple systems. In general,

the degree and quality of coupling action, using coordination to judge. Coordination is a benign

embodiment based on coupling effect, and the coordination degree is used to measure the coordination

degree of multiple systems in the coupling process. Both have a connection already and have distinction.

The degree of coupling reflects the degree of system interaction, and the degree of coordination reflects

the degree of coupling coordination [38].

The construction of sponge city is a composite system composed of green infrastructure,

gray infrastructure, and economic development level, which interact and form a symbiotic coupling

relationship. In China, with ecological civilization, green infrastructure is the leading driving

force for the construction and development of sponge cities, and this driving force can improve

the material structure of the underlying surface and increase the infiltration of rainwater, which,

to a certain extent, is conducive to dealing with urban waterlogging caused by extreme climate.

In addition, the construction of green infrastructure can provide ecosystem services value to surrounding

communities. The construction of grey infrastructure restricts the improvement of the underlying

surface but promotes the management of rainwater, domestic water, and sewage, which is conducive

to the economical utilization of water resources and provides water demand for green infrastructure.

The level of economic development is the material guarantee for the construction of green infrastructure

and gray infrastructure, and it can provide financial support for the construction of green infrastructure

and gray infrastructure through the investment effect (PPP, Public-Private Partnership model or

willingness to pay) and the value of ecosystem services. Therefore, the three form a multiple correlation

interaction coupling effect, which has both positive and negative effects. The sustainable development

of sponge city can be realized only when the three cooperate and coordinate with each other.

Green Infrastructure construction in a sponge city references LID (low-impact development),

an ecologically-based planning and engineering design approach to managing stormwater runoff

and stormwater treatment technologies. In the practice of SuDS (Sensitive urban drainage system

design) in Western Europe, SuDS sustainable stormwater management measures mitigate and adapt

to climate change through carbon sequestration and urban cooling, with multiple ecological and

environmental benefits, based on such a concept, as much as possible to restore the natural and

pre-development drainage system. The construction of grey infrastructure in a sponge city is mainly

used for sewage treatment and watercourse pipe network construction. In stormwater management,

management systems link non-structural approaches to structural deployment for pollution prevention

and drainage. Basically, similar to Best Management Practices (BMPs) in the United States and Canada.

WSUD (Water-Sensitive Urban Design) is mainly to protect and strengthen the natural water system

of urban development, better integrate rainwater into the landscape, minimize impermeable water

surface, reduce the peak flow brought by urban development, and protect water quality, reduce the

development costs of drainage infrastructure, while adding value at the same time, and all urban

water systems should be better integrated in urban design [29]. And sponge city is a systematic

framework with methods to improve urban water problems. Therefore, based on the coupling

coordination mechanism, this paper provides a basis for decision-making and management of sponge

city construction.

2.4. Evaluation Index System

The sponge city construction evaluation is a diagnostic analysis of the drainage capacity of an

area and the environmental impact of the underlying surface. The sponge city construction evaluation

is based on the construction of the infrastructure system and economic development level model.

Among them, gray infrastructure is a traditional municipal infrastructure dominated by single-function

municipal engineering, consisting of roads, bridges, pipelines, and other networks that ensure the

proper functioning of the industrial economy [39]. However, the construction of road infrastructure
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changes the underlying surface structure, reduces the infiltration amount of surface runoff, and is also

the infrastructure that has a great impact on urban residents’ travel. In general, drainage pipeline

network is under road infrastructure. In the construction of sponge cities, gray infrastructure facilities

provide municipal entities and residents with municipal infrastructure services, such as flood protection,

stormwater drainage, and wastewater treatment [39]. The “gray” infrastructure system reflects the

traditional drainage system and the foundation of a good operation of the city. Green infrastructure

refers to a green space network consisting of natural areas and other interconnected open spaces,

including natural areas, public protected areas, and productive land with conservation values; it also

represents a protected open system network that protects the value of natural resources and maintains

the survival functions of humans, animals, and plants [40,41]. The development of green infrastructure

is the result of joint promotion of parks, park systems, open spaces, greenways, ecological networks,

biological corridors, and storm-water management [39]. The “green” infrastructure system reflects

the sustainable development model of improving the underlying surface and is the basis of a good

ecological environment of the city. The level of economic development reflects a city’s strong support

for the construction of sponge cities. Based on these evaluation methods and models, combined with

the individual indicators that can reflect the construction of sponge cities in Henan Province, the index

system for sponge city construction was initially determined (Table 1).

2.5. Research Methods

2.5.1. Determination of Entropy Weight

Entropy was first introduced into the information theory by Shannon. It has been widely used in

engineering, social, and economic fields. It hypothesizes that the quantity or quality of information is

an important factor in determining the reliability and accuracy of decision-making [42]. Entropy is

often used to measure the amount of useful information provided by the dataset itself and is therefore

considered to be a suitable indicator for use in various evaluation cases. Weights can be determined

based on the data itself, thereby reducing decision bias and increasing the objectivity of the decision

process [43]. The entropy weight method is also to calculate the comprehensive index by the size of the

selected index information. The index weight is determined by the judgment matrix composed of the

evaluation indicators. Since the evaluation system has positive and negative indicators, the sample

matrix needs to be dimensionless [44]. The main indicators selected in this paper are studied through

positive and negative indicators.

(1) Data standardization processing

Assume that there are n research objects (mainly cities) in the study area, including m evaluation

indicators, and the definition P is the original data matrix, expressed as:

Pnm =


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(1)

Among them, Pnm is expressed as the m item of the n city (m = 1, 2, 3, 4, 5, 6· · · · · · ; n = 1, 2, 3, 4, 5, 6,

7, 8 9, 10, 11· · · · · · ). Because the dimension of each index coefficient is not uniform, the index coefficient

is standardized by the method of extreme difference. The main indicators selected in this paper are

studied by the forward index and the reverse index. When the positive index is larger than the index

value, the better the index. The normalization method is: Ynm = (Xnm −minxm)/(maxxm −minxm);
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the inverse index, that is, shows that, the smaller the index value, the better the index, and the

normalization method is: Ynm = (maxxm − Xnm)/(maxxm −minxm). In the normalized method formula,

Xnm is expressed as a specific value, minxm is represented as the minimum value of the m index,

and maxxm is expressed as the maximum value of the m index. The value is between Ynm∈[0, 1] after

normalization [45,46].

(2) Determination of indicator weight

In information theory, the larger the entropy value, the smaller the difference between the values

of the evaluation indicators, and the smaller the weight of the index; the smaller the entropy value is,

and vice versa [46], to calculate the information entropy of each index, assuming that Em represents

the m. The information entropy under the indicator is calculated as:

Em = −k

h
∑

n=1

fnmlnfnm (2)

where k = 1/lnh, fnm = Ynm/
∑h

n=1 ynm, if fnm = 0, then define

lim
fnm→0

fnmlnfnm = 0 (3)

Among them, the m indicator of the n city of Ynm is a specific value.

According to the calculation formula of information entropy, the information entropy E1, E2, . . . ,

Em of each index is calculated. The weight of each index is calculated by information entropy. Wm is the

entropy weight of the m evaluation index, and then the weight of the index is calculated. The method

is [45,46]:

Wm =
1− Em

∑h
n=1 Em

(4)

where Wm ∈ [0, 1],
∑h

n=1 Wm = 1.

2.5.2. Coupling Coordinated Development Model

(1) Comprehensive evaluation model

The comprehensive evaluation model is used to measure the level of infrastructure and economic

development. The calculation method is:

S =
n

∑

i=1

(Wm ×Yk) (5)

Among them, S represents the comprehensive index of infrastructure construction or economic

development; Wm represents the weight of each index within the system; Yk represents the evaluation

value of each indicator.

(2) Coupling degree model

Coupling refers to the phenomenon in which two or more systems or forms of motion interact and

interact with each other through some means. This paper establishes a coupling model of infrastructure

and economic development. The calculation method is:

C =























(S1 × S2)
[

(S1+S2)
2

]























2

(6)
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Among them, C is the coupling degree between infrastructure construction and economic

development, and the value range is [0, 1]. The larger C, the stronger the interaction between

infrastructure construction and economic development; S1 and S2 are infrastructure construction

and economy, respectively. The comprehensive index of development, k as the adjustment factor,

in practice, should make k ≥ 2; this paper takes k = 2.

(3) Coupling coordination degree model

The coupling degree model can only indicate the existence of interaction between systems and

cannot reflect the level of coupling coordination between systems. Therefore, this paper further

constructs a coupling coordination model of infrastructure construction and economic development.

The calculation method is:
{

D =
√

C× T

T = α× S1 + β× S2
(7)

where D is the coupling coordination degree; T is the inter-system comprehensive coordination

index; α and β are undetermined coefficients, and α + β = 1. This paper assumes that infrastructure

construction and economic development interact, so take α = β = 0.5.

Based on the relevant classification criteria proposed in the existing research [47,48], the median

segmentation method is used to divide the D value into four stages. The classification criteria are

shown in Table 2.

Table 2. Coordination level of coupling coordination.

Coupling Coordination Coordination Level S1 > S2 S2 > S1

0 < D ≤ 0.3
Low coupling

coordination phase
Economic development

lags behind
Infrastructure lag

0.3 < D ≤ 0.5
Moderate coupling
coordination phase

Economic development
lags behind

Infrastructure lag

0.5 < D ≤ 0.8
Highly coupled

coordination phase
Economic development

lags behind
Infrastructure lag

0.8 < D ≤ 1
Extreme coupling

coordination phase
Economic development

lags behind
Infrastructure lag

2.5.3. Spatial Statistical Methods

This paper introduces Moran’s I to analyze the imbalance and spatial autocorrelation of the

coupling and development of infrastructure construction and economic development between adjacent

regions. The calculation formula of Moran’s I is as follows:

I =

∑n
i=1

∑n
j=1 wij

(

Yi −Y
)(

Yj −Y
)

S2 ∑n
i=1

∑n
j=1 Wij

(8)

Ii =

(

Yi −Y
)

S2

n
∑

j=1

wij

(

Yj −Y
)

(9)

where I represents the overall degree of correlation between regions, S2 = 1
n

∑n
i=1

(

Yi −Y
)2

;

Y = 1
n

∑n
i=1 Yi; Yi represents the degree of coupling coordination of the i region; n is the number of

regions, and wij represents the element of the spatial weight matrix W. Ii indicates the degree of

correlation between the coordination degree of the i region and the surrounding area, and the local

spatial features are displayed by using the Moran scattergram.
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3. Results

3.1. Analysis of Coordination Degree between Regions

According to the coupling evaluation model of infrastructure construction and economic

development, the comprehensive index of infrastructure construction (S1) and the comprehensive index

of economic development (S2), and the coupling coordination degree (D) of the two are calculated.

This paper will be in the process of empirical analysis. Infrastructure construction and economic

development are regarded as two subsystems of equal importance. Therefore, the undetermined

coefficients of the two are all 0.5, that is, α = β = 0.5. Therefore, the comprehensive harmonic index

of the two is T = 0.5 × S_1 + 0.5 × S_2, combined with the coupling coordination degree model for

calculation; the obtained empirical results are shown in Table 3.

Table 3. Calculation results of the coupling degree of regional infrastructure construction and

economic development.

Region

Coupling Coordination Degree in 2013 Coupling Coordination Degree in 2017

S1 S2 D
Coordination

Level
S1 S2 D

Coordination
Level

Zhengzhou
City

0.623386 0.825219 0.846899
Extreme

coordination
0.669786 0.816205 0.859872

Extreme
coordination

Kaifeng City 0.322134 0.273311 0.54472
Highly

coordinated
0.372635 0.27094 0.563689

Highly
coordinated

Luoyang City 0.465014 0.334487 0.628002
Highly

coordinated
0.502356 0.337348 0.641612

Highly
coordinated

Pingdingshan
City

0.41014 0.332901 0.607872
Highly

coordinated
0.434414 0.291147 0.596354

Highly
coordinated

Anyang City 0.434528 0.270151 0.585337
Highly

coordinated
0.43343 0.2893 0.595068

Highly
coordinated

Hebi City 0.404502 0.262699 0.570946
Highly

coordinated
0.436042 0.287656 0.595114

Highly
coordinated

Xinxiang City 0.40586 0.270464 0.575601
Highly

coordinated
0.35694 0.278649 0.561582

Highly
coordinated

Jiaozuo City 0.43791 0.30888 0.606448
Highly

coordinated
0.500011 0.310613 0.627769

Highly
coordinated

Puyang City 0.42392 0.246459 0.568535
Highly

coordinated
0.455427 0.239409 0.574632

Highly
coordinated

Xuchang City 0.445089 0.269307 0.588401
Highly

coordinated
0.460815 0.336353 0.627452

Highly
coordinated

Luohe City 0.447582 0.25596 0.581783
Highly

coordinated
0.465954 0.288366 0.605441

Highly
coordinated

Sanmenxia
City

0.451144 0.271231 0.591444
Highly

coordinated
0.439332 0.28157 0.593055

Highly
coordinated

Nanyang City 0.600006 0.329184 0.666651
Highly

coordinated
0.429884 0.345018 0.620581

Highly
coordinated

Shangqiu City 0.32222 0.279107 0.547622
Highly

coordinated
0.360593 0.328569 0.586693

Highly
coordinated

Xinyang City 0.467129 0.324367 0.623905
Highly

coordinated
0.381195 0.266289 0.564449

Highly
coordinated

Zhoukou City 0.344228 0.225794 0.528007
Highly

coordinated
0.392165 0.222019 0.543206

Highly
coordinated

Zhumadian
City

0.384815 0.299556 0.582683
Highly

coordinated
0.482803 0.315774 0.624866

Highly
coordinated

Jiyuan City 0.436586 0.338317 0.619938
Highly

coordinated
0.462085 0.294883 0.607565

Highly
coordinated

Comparing the coupling and coordination of infrastructure and economic development in each

city in 2013 and 2017, we can find that the average system coupling coordination degree of 18 cities

in Henan Province in 2016 is 0.6105, which is slightly higher than the average of 0.6036 in 2013.

The infrastructure construction of each city and overall average level of economic development

level coupling coordination is in the low and medium coupling coordination stage. Among them,

the coordination degree of Zhengzhou City, Luoyang City, Jiaozuo City, Xuchang City, Nanyang City,

and Zhumadian City is higher than the average level of Henan Province. The coupling coordination

degree of most regions is rising continuously. Among them, the coupling coordination degree of

Pingdingshan City, Nanyang City, and Jiyuan City shows a downward trend.
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In view of the different development speeds of different regions, there are obvious differences in

the coupling and coordination degree between infrastructure construction and economic development

in various regions. Figure 3 shows that the overall evolution of regional infrastructure construction

and economic development level coordination can be divided into two types in 2013–2017: the first

category is the area where the coupling coordination degree is between 0.8 and 1, namely Zhengzhou

City. Zhengzhou City has been at a relatively high level of coupling and coordination in 2013–2017,

indicating that the infrastructure construction and economic development level are at an effective

coupling development stage. In recent years, Zhengzhou Zheng Dong New Area has been built

and developed according to the concepts and ideas of sustainable “ecological city”, “metabolic city”,

and “sponge city”. Among them, the completed water area covers 18 square kilometers, and the green

area covers 39 square kilometers, and the green coverage rate in the urban core area is nearly 50%.

Drawing on the experience of modern urban construction in the west, the sustainable water cycle is

realized through tracking and integrating low impact development (LID) and rainwater utilization.

According to the climate characteristics of the Zhengzhou Zheng Dong New Area, the PP module

storage device is used to collect and purify rainwater for green irrigation, creating a sustainable

green landscape [49]. The construction of Zhengzhou Zheng Dong New Area is inseparable from the

strong economic support. The second category is the area where the coupling coordination degree

is between 0.5 and 0.8. Although these areas are in a highly coupled and coordinated development

stage, the infrastructure construction and economic development level are relatively insufficient,

and the infrastructure construction and economic development level are relatively weak. The two have

not yet formed a benign interactive coupling development model, and there is still much room for

improvement in the coordinated and coordinated development. Government departments in various

regions should formulate corresponding infrastructure construction and economic development

level strategies according to local actual conditions, as well as upgrade infrastructure and economic

development as soon as possible.

 

Figure 3. Evolution of the coupling degree of regional infrastructure construction and economic

development level.

3.2. Evolution of Spatial Pattern of Coordinated Development

3.2.1. Evolution of Regional Differences

In order to better analyze the spatial pattern and dynamic evolution of the coupling and coordinated

development of inter-regional infrastructure construction and economic development level, this paper

uses 2014 and 2017 as time nodes, combined with Table 3, through ArcGIS 10.2 software, respectively,

for an inter-regional 2014, 2017 spatial visualization of the system coupling coordination level for the

year (Figure 4).
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Figure 4. Spatial pattern evolution of the coupling degree of infrastructure construction and economic

development in 18 cities in Henan Province.

Combined with Table 3 and Figure 4, it can be seen that the spatial pattern of infrastructure

construction and economic development level is obviously different. The coupling and coordination

distribution of Henan Province is basically consistent with the spatial location of economic development,

and the degree of system coupling coordination is relatively high in regions with relatively developed

economy in areas with low levels of economic development. During the study period, the coordination

degree of Zhengzhou City, Nanyang City, Luoyang City, and Xuchang City has been maintained at

a high level, while the coupling coordination degree of Hebi City, Zhumadian City, Zhoukou City,

and Shangqiu City is in a rising trend state. The degree of economic development of the region is

closely related. With the development of the economy, the investment in infrastructure construction

is also increasing; the coupling coordination degree of Puyang City, Xinxiang City, Kaifeng City,

and Pingdingshan City is declining, which is related to the development of the region and policy.

Overall, the infrastructure construction and economic development level of Henan Province presents

a spatial pattern of “high west and low east”. However, the classification shows that the coupling

degree between infrastructure construction and economic development level in Henan Province has

not changed, but each prefecture-level city fluctuates in the grade interval.

3.2.2. Statistical Analysis of Local Space

Through the global Moran’s I statistic, it can be seen that the coupling and coordinated development

of infrastructure construction and economic development level in Henan Province has significant spatial

agglomeration, as well as the correlation and concentration between regions, the spatial correlation

with the surrounding areas, the degree of spatial difference. The distribution of the spatial pattern,

on whether there is heterogeneity, in this paper, is analyzed by Moran scatter plot (Figure 5).

It can be observed from Figure 5 that the level of coupling and coordination between infrastructure

construction and economic development level in most regions in the past five years is in a stable

upward and downward fluctuation state. Compared with 2014, the first quadrant of 2017 Moran’s I is

reduced, and the fourth quadrant is increased. And the Moran’s I index is greater than 0, indicating that

there is spatial positive correlation, that is, the area where the coupling degree of infrastructure

construction and economic development level is higher (or lower) tends to be significantly concentrated

in space, and the correlation is stronger; if Moran’s I = 0, it means that the space is not correlated,

and the distribution is in a random state. Table 4 reports the relative development degree and relative

development type. The results show that Henan Province is generally synchronous development,

Zhengzhou City is lagging behind infrastructure, indicating that economic growth is faster than

infrastructure construction; other regions are economic development. The lag type indicates that the

economic growth is slower than the infrastructure construction, and the construction of infrastructure

is more advanced than consumption. Therefore, to promote economic growth, it is necessary to
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increase investment in land resource conservation and intensiveness in order to realize infrastructure

construction and economy. Coordinated development levels and simultaneous development are

important ways to achieve coordinated and coordinated development.

 

  

(a) (b) 

Figure 5. Moran scatter plot of the coupling degree of infrastructure construction and economic

development level in Henan Province. (a): Moran’s I index in 2014. (b) Moran’s I index in 2017.

Table 4. Types of relative development of infrastructure construction and economic development level

in 2013–2017.

Region
Infrastructure

Construction Index
Economic

Development Index
Relative

Development
Coupling

Coordination
Relative Development

Type

Zhengzhou City 0.633578115 0.774055169 0.822082425 0.8364244 Infrastructure lag

Kaifeng City 0.396918457 0.279733272 1.42961227 0.5761015
Lag in economic

development

Luoyang City 0.483916433 0.333859849 1.449215794 0.6338987
Lag in economic

development
Pingdingshan

City
0.430533325 0.313778336 1.383605691 0.6057436

Lag in economic
development

Anyang City 0.441702908 0.291403433 1.517672072 0.598873
Lag in economic

development

Hebi City 0.429776229 0.282747714 1.518187027 0.5899238
Lag in economic

development

Xinxiang City 0.399777152 0.293814553 1.365102599 0.5850529
Lag in economic

development

Jiaozuo City 0.474586257 0.34826711 1.396870733 0.6358566
Lag in economic

development

Puyang City 0.456965847 0.25831484 1.774071396 0.5858622
Lag in economic

development

Xuchang City 0.450395427 0.291419111 1.557051753 0.6014466
Lag in economic

development

Luohe City 0.466232093 0.284559279 1.641295553 0.603342
Lag in economic

development

Sanmenxia City 0.42761795 0.292404637 1.466660645 0.5935525
Lag in economic

development

Nanyang City 0.530638566 0.366931643 1.461614198 0.6622117
Lag in economic

development

Shangqiu City 0.329256604 0.296774658 1.109013939 0.5584797
Lag in economic

development

Xinyang City 0.43525355 0.292081501 1.493643174 0.5966539
Lag in economic

development

Zhoukou City 0.405418306 0.243993113 1.673831676 0.5598729
Lag in economic

development

Zhumadian City 0.419954597 0.280990821 1.501264572 0.5854403
Lag in economic

development

Jiyuan City 0.450710664 0.324022045 1.396122648 0.6179675
Lag in economic

development
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4. Conclusions and Recommendations

Based on the coupling coordination degree model, relative development degree model, and spatial

statistical analysis, this research work studied the difference of horizontal and spatial statistical

analysis of the coupled and coordinated development of sponge city construction in Henan Province.

The results show that: (1) From the perspective of comprehensive level, the problems of inadequate

and unbalanced development of infrastructure construction and economic development level are

prominent. (2) From the perspective of coordinated development level, the level of coupling and

coordination development in Henan Province increased during the sample period, but the level of

coupling and coordination development in each region was small. (3) From the perspective of relative

development, Zhengzhou City is lagging behind in infrastructure, indicating that economic growth is

faster than infrastructure construction; other regions are lagging economic development, indicating

that economic growth is faster than infrastructure construction. Slowly, (4) from the spatial statistical

analysis, the Moran’s I index is greater than 0, indicating that there is spatial positive correlation, that is,

the area with high coupling degree of infrastructure construction and economic development level

tends to be significantly concentrated in space.

According to the above conclusions, due to the different natural foundations, economic reserves,

location advantages, historical background, social influence, and policy conditions of various regions,

the coordinated development of sponge city construction in Henan Province requires differentiated

regional infrastructure construction and economy development policy. In areas with better economic

development, it is necessary to increase the proportion of investment in “green” infrastructure and

“gray” infrastructure, as well as appropriately increase the proportion of investment in “green”

infrastructure; in areas with insufficient economic development level, it is necessary to adapt to local

conditions. In the built-up area, the proportion of “green” infrastructure and “gray” infrastructure will

be created to reduce the frequent flooding in the city and to continuously improve the renewal and

construction of the drainage system. At the same time, sponge buildings and residential areas should

be promoted, and measures, such as roof greening, rainwater storage, collection and utilization, and

micro-topography, should be taken according to local conditions to improve the rainwater storage and

retention capacity of buildings and residential areas. Rainwater collection and recycling, on the one

hand, can provide water for the vegetation of green infrastructure, and, on the other hand, they can

provide the use of reclaimed water for the community. The construction of green infrastructure in sponge

cities increases the vegetation cover and water area of cities, effectively weakens the urban heat island

effect, and thus affects the precipitation process. Therefore, the construction of green infrastructure in

sponge cities can conserve water resources, regulate runoff, purify water quality, save water resources,

improve the carrying capacity of regional water resources, and enhance the capacity of natural water

storage and drainage. Sustainable sponge city construction needs to coordinate the coordination and

development of green infrastructure, grey infrastructure, and economic development.
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Abstract: River basin planning in Bolivia is a relatively new endeavor that is primed for innovation

and learning. One important learning opportunity relates to connecting watershed planning to

processes within other planning units (e.g., municipalities) that have water management implications.

A second opportunity relates to integrating watershed management, with a focus on land-based

interventions, and water resources management, with a focus on the use and control of surface and

groundwater resources. Bolivia’s River Basin Policy and its primary planning instrument, the River

Basin Master Plan (PDC in Spanish), provide the relevant innovation and learning context. Official

guidance related to PDC development lacks explicit instructions related to the use of analytical tools,

the definition of spatially and temporally dis-aggregated indicators to evaluate specific watershed and

water management interventions, and a description of the exact way stakeholders engage in the eval-

uation process. This paper describes an effort to adapt the tenets of a novel planning support practice,

Robust Decision Support (RDS), to the official guidelines of PDC development. The work enabled

stakeholders to discern positive and negative interactions among water management interventions

related to overall system performance, hydrologic risk management, and ecosystem functions; use

indicators across varying spatial and temporal reference frames; and identify management strategies

to improve outcomes and mitigate cross-regional or inter-sectorial conflicts.

Keywords: water resources systems; participatory modeling; river basin planning; watershed man-

agement; water scarcity; water conflicts; Robust Decision Support; WEAP; Integrated Water Resources

Management; Bolivia

1. Introduction

Water resources managers worldwide face high levels of natural and human-induced
hydrologic variability accompanied by climate change projections [1] suggesting increased
risks of water scarcity [2]. Defining future changes in hydrologic variability is highly uncer-
tain, hindering the prediction of extreme events such as floods and droughts [3]. In addition
to hydrologic variability, water managers deal with growing long-term demands for water
from rapidly expanding urban areas and increased consumption across sectors such as
agriculture and energy [4]. The intensification of human–water interactions reaffirms
the need for ’good governance’ to improve water management [5,6]. As the UN World
Water Development Report [7] stated, “the world’s water crisis is one of water governance,
essentially caused by the ways we mismanage water”. Under scenarios of deep uncer-
tainty, water governance approaches should support water-related decision making [1].
The recognition of the interconnected nature of the biophysical and socioeconomic factors
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that converge in water management has resulted in the progressive adoption of integrative
governance approaches, such as the Integrated Water Resources Management (IWRM) [8,9].
The IWRM framework has been widely adopted as a template for water governance [10,11]
and was recently included as an implementation target for the Sustainable Development
Goal (SDG) 6 ‘Water and Sanitation’ [12]. Numerous countries, including Bolivia, have
attempted to adapt IWRM to their contexts and realities in the hope of improving outcomes
in river basins characterized by scarcity and conflict. At its core, IWRM relies on placing
biophysical and technical knowledge that is comprehensively developed at the scale of
a river basin planning unit at the center of stakeholder interactions designed to identify
integrated and coherent river basin scale solutions [8,9]. However, efforts to evaluate the
river basin scale performance of specific interventions does not necessarily align with
an individual stakeholder’s more parochial objectives and interests. Nonetheless, within
existing water policy frameworks, such as the European Water Framework Directive and
many others, the river basin is commonly defined as the predominant spatial domain for
water management, superseding other territorial and administrative boundaries [13,14].
The river basin unit also drives water management governance, generating new regulatory
frameworks and institutional arrangements such as river basin organizations to promote
the participation of multiple water users and civil society [15–17]. However, the river
basin perspective may lead to potential conflicts or ambiguities with other existing levels
of territorial governance more connected to individual stakeholder interests or frames
of reference, such as municipalities or targeted water management entities (e.g., water
utilities, irrigation districts). Although river basins certainly do define useful ‘natural’
boundaries [18,19], river basin management is also a result of ‘political’ processes and
choices based on values and preferences often defined at sub-watershed scales, based on
administrative boundaries [20,21].

Although the IWRM framework is often used interchangeably with the concept of
water governance, Lautze et al. [22] warn that “setting pre-determined goals or outcomes
associated with IWRM circumscribes a major role of water governance—that of deter-
mining goals”. In practice, the attempt to uniformly apply IWRM principles leads to
‘poor’ rather than ‘good’ water governance since local conditions, preferences, and values
would remain largely misrepresented [22]. Ensuring engaged and effective participation
from across sub-basin jurisdictions is key to address collective action dilemmas arising
from diverse and potentially conflicting users’ interests over Common Pool Resources
such as a shared river basin [23]. Human–water interactions are often characterized by
mismanagement (e.g., depleted, overused water) and ecosystem impairment [24], threating
the water commons. For instance, in river basins, collective action dilemmas can lead to
unsustainable water use and insufficient or unsafe water supply for downstream users [25].
This is surely contrary to the interests of some sub-basin stakeholder interests. A common
approach toward representing sub-basin interests within a comprehensive river basin scale
planning process involves developing analytical tools sufficiently disaggregated to capture
the diversity of conditions and interest within the river basin planning unit. Many ap-
proaches and case studies pertaining to the use of models to simulate water resources
system are available in the literature, which are addressed and discussed by Mashaly and
Fernald [26].

Mirchi et al. [27] define three modeling approaches in support of water resources
planning and decision making: predictive simulation, integrated descriptive models, and
participatory models. The first case predicts the future behavior of a particular subsystem,
such as hydrological conditions [27], based on output from a calibrated and validated
historical model [26]. The second case adopts a more holistic approach allowing for feed-
back between two or more disparate subsystems such as hydrological, social, ecological,
economic, and political based on historical patterns of interaction [27]. The third ap-
proach promotes the participation of decision makers and stakeholders in the modeling
process [26,27] where they can express their interests [28]. This approach allows for the
performance evaluation of interventions in the face of changing climate or evolving so-
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cietal prerogatives [29–32]. This requires an understanding of the relationships between
climate, water resources, and user expectations, which can be addressed using integrated
hydrological/water management modeling tools [33] that quantify potential impacts at
varying spatial and temporal scales [34]. For instance, the Water Evaluation and Planning
system (WEAP) [35] has been applied in several river basins worldwide as a simulation
model for decision support while considering multiple objectives [36–38]. The Sacramento
Water Allocation Model, known as SacWAM, is an example of a WEAP-based hydrologic
and system model that illustrates the complex water system operation, besides showing
how its water would flow if there were no dams, diversions, or infrastructure [39]. The use
of modeling tools allows water resources managers and stakeholders to identify the op-
erational, institutional, or infrastructure interventions that meet the disparate goals set
out for a water system [4]. Although participatory frameworks for decision making under
uncertainty have been increasingly applied to water resources management [40,41], major
challenges remain, such as dealing with trade-offs between multiple goals and addressing
various sources of uncertainty in contested political processes [4]. There are many barriers
to the implementation of participatory decision support approaches—limited capacities
in local institutions, associated costs, implementation time, the challenge of designing
an adequate methodological framework, and the sustainability of the process in the long
term [28]. In addition to these barriers, the knowledge and methods to tackle uncertainties
should be considered in learning and decision-making processes [42].

If the goal is to avoid collective action dilemmas, the analytical tools used to evalu-
ate potential water management interventions must, beyond basin-level consideration,
align with river basin sub-jurisdictions and sectorial interest [15]. The complexity of this
challenge is multi-fold:

• there must be a clear connection between the model scope and disaggregated user
concerns, interests, and goals [26];

• there must be an appropriate level of granularity, i.e., fixed-scale models are often
either too large to allow analysis of small-scale issues that affect communities and
ecosystems, or too small to address connections with the river basin-scale drivers or
imperatives [43];

• there must be a common language and a channel of communication between the
model and the diverse stakeholders [44];

• the model must be credible, i.e., modeling as a representation of reality can be very
subjective unless guided by stakeholders’ perceptions [45].

The Robust Decision Support (RDS) framework proposed by Purkey et al. [46] consists
of an iterative bottom–up process with active stakeholder participation where decisions
are supported by the use of water resources models, which are accompanied by a strong
process of local capacity building. Case studies for RDS include urban water management
in the metropolitan region of La Paz/El Alto, Bolivia [47], evaluation of climate change
impacts in a large basin in northern Patagonia, Argentina [36], and implementation of an
IWRM planning process in the Yuba River basin, California [46,47]. This paper presents
innovations in the RDS participatory framework as a contribution to Bolivia’s National
Watershed Policy, specifically in the formulation of the Rocha River Basin Master Plan
(PDC in Spanish), which is located in the Cochabamba Valley, Bolivia. This effort took
place within Bolivia’s unique historical and political context related to water management.
Our methodological approach consists of combining the RDS framework for water re-
sources management [46] to extend Bolivia’s guiding framework for the formulation of
river basin master plans. We address the following questions: How does the water re-
sources system model respond to water-related decision-making processes and institutional
governance design at a range of scales within a river basin? How does the water resources
system model contribute to the development of effective water planning instruments?
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2. Materials and Methods

2.1. Study Area

The Rocha River Basin is located in the department of Cochabamba in the Plurinational
State of Bolivia and contains all or part of 25 rural and urban municipalities (Figure 1).
The basin has an area of approximately 3699 km2 and a population of almost 1,300,000
people (13% of the country). From the hydrological point of view, it is comprised of three
sub-basins: Rocha, Maylanco, and Sulty (also known as Valle Alto). The Rocha and May-
lanco sub-basins—for decades predominantly agricultural areas—are rapidly urbanizing,
including cities such as Cochabamba, Sacaba, Colcapirhua, Vinto, Tiquipaya, and Sipe Sipe,
which make up the greater Cochabamba metropolitan area. In contrast, the Sulty sub-basin
is mainly rural, with agriculture as its primary economic activity. Climatically, 80% of the
annual precipitation is concentrated between the months of December and March (rainy
season), 2% between the months of May and August (dry season), and the remaining
precipitation in the months of the transition seasons (April, September to November) [48].
Annual rainfall varies between 300 and 900 mm, wetter to the north and the east, where
most of the water supply reservoirs and current and potential sources of inter-basin transfer
are located (Figure 1).

 

Figure 1. The Rocha River Basin and its geographical environment related to the urban area, agriculture, and the different

hydrographic elements.
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Challenging climatic conditions are likely to worsen under projected climate con-
ditions. Previous studies have developed climate change scenarios on a basin scale for
the 2020–2050 horizon, based on Intergovernmental Panel on Climate Change (IPCC)-
5th Phase of the Coupled Model Intercomparison Project (CMIP5) climate models priori-
tized based on their capacity to capture long-term historical (observed) climate variability
attributes in the period 1981–2005 [48]. According to the Institut Pierre-Simon Laplace
Climate Model 5A Low-Resolution (IPSL-CM5A-LR) [49] model for Representative Con-
centration Pathway 8.5 (RCP8.5) [50], the annual precipitation could be reduced by 7%.
In some months of the rainy season (February and March), precipitation could be reduced
by up to 30%. In the remaining months of the rainy season (December and January), it
could increase by up to 11%. The dry season could be even drier with reductions of up to
77%. In the transition season, particularly between September and November, reductions
in precipitation of between 10 and 20% are also expected. The average temperature could
increase by 1.1 ◦C.

Given these challenging climatic conditions, it is not surprising that the Rocha River
has historically been affected by water supply problems. Limited water availability due
to the prevailing semi-arid climate as well as long-standing conflicts over access, gover-
nance, and environmental degradation contribute to the basin’s water-related challenges.
Cochabamba, Bolivia’s third largest city, has experienced conflicts over the expansion of
water access, particularly in the rural areas, highlighting the complexity of rural–urban
hydrosocial relations [51] where established water users confront emerging water use com-
munities. The Cochabamba Water War (la Guerra del Agua) emerged as a conflict between
a centralized, foreign and private water company and urban residents over water tariffs
that increased by as much as 200% [52,53], internationally recognized as a “David versus
Goliath success” [53,54]. Empowered by the success of the Water War, the peri-urban
water committees (comités de agua) moved toward more decentralized, small-scale, and
autonomous water management led by community-owned supply systems [52]. However,
this shift led to large disparities in water access in many extensive areas of the basin where
small-scale options based on the water availability in the immediate environment were no
longer compatible with the current levels of water demands. In response, new centralized
water transfer projects from neighboring basins [51] with favorable quantity and quality
conditions emerged as options [55]. The construction and expansion of some water trans-
fers is currently underway; yet, local water managers also seek short-term solutions [52]
such as drilling wells to extract water from aquifers. In addition to these problems, the
region is exposed to hazards such as floods [56], landslides, debris flow, and droughts.
The quality of surface water [57] and groundwater is degraded by the direct discharge of
domestic and industrial wastewater, which is later re-used in irrigation [58–60]. In addition,
the absence of effective land planning policies has been causing unregulated urban growth
to the detriment of agricultural areas, aquifer recharge zones, and national parks [61].
This is hardly the setting for successful river basin-scale decision making, more so in the
absence of sufficient comprehensive basin-scale information.

2.2. Bolivia’s Basin Plan in the Context of the River Rocha Basin Planning

Nonetheless, similar to other countries, Bolivia has progressively adopted the river
basin as the spatial domain for water management. However, it is worth noting that
Bolivia’s original Integrated River Basin Management (IRBM) approach adopted more of
a terrestrial focus rather than a focus on water resources. Small-scale actions such as soil
conservation, forest conservation, afforestation and reforestation, flood control, and bank
protection civil works were the focus. For instance, the 1991 Cochabamba’s Integrated
River Basin Program (Programa de Manejo Integral de Cuenca, PROMIC) [62] was a national
IRBM reference in the implementation of projects aimed at reducing local damage from
flood events in prioritized river basins. This created an expectation that large-scale river
basin plans would justify small-scale, community-level interventions.
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This expectation aligned with customary practices in the Andean region of Bolivia
known as customs and habits (usos y costumbres) that establish a relationship between
water management and existing local governance in communal territories [63,64]. In this
context, “water belongs to the territory and the territory belongs to the community” [63,65].
However, by the 2000s, Bolivia expanded the initial terrestrial-oriented scope to incorporate
the social, environmental, and sectoral dimensions in water resources management [66].
The combination of the IWRM and IRBM approaches attempt to represent both the socioe-
conomic dimension and the natural resources conditions of the river basin, broadening
the national concept of water governance beyond strictly local imperatives. However,
the IWRM and IRBM approaches may not offer an appropriate representation of water
management for complex community-managed water supply systems [67] upon which
large-scale water resources management intervention are superimposed.

Bolivia’s Ministry of the Environment and Water (MMAyA for its Spanish initials) has
developed the conceptual framework and the national policy for IWRM and IRBM through
the National Basin Plan (PNC in Spanish), which was promulgated in 2006. The PNC
framework seeks to deliver solutions to integrated land and water-related problems with
intervention justified within a PDC. The PDC is a planning instrument aimed at establish-
ing intergovernmental and intersectoral coordination to develop water resource gover-
nance [68]. An early effort at PDC development occurred within the Rocha River Basin
before systematic learning from other implementation experiences became available [69].
The Cochabamba Departmental Government originally formulated strongly IRBM-oriented
and less so IWRM-oriented guidelines for the Rocha River Basin in 2014 [70], hampering
the implementation of the proposed plan, as there was little buy-in among the 25 basin mu-
nicipalities to implement large-scale water management interventions. In the Cochabamba
Valley, competing sectoral and regional (i.e., upstream vs. downstream) interests such as
household water users, rural communities, and civic organizations in urban areas make
intersectoral coordination extremely difficult to achieve. As a result, the MMAyA and the
Cochabamba Departmental Government decided to update the planning instrument by
formulating a package of medium- and long-term actions based on three main factors:

• climate change considerations;
• the development of analytical tools;
• the broad participation of key stakeholders in the basin.

2.3. Proposed Approach

The RDS framework developed by Purkey et al. [23] and Bolivia’s guiding framework
of the PDCs [11] provided our methodological approach for the formulation of a river
basin master plan supported by participatory water resources systems modeling (Figure 2).
The RDS framework has two phases: (i) preparation and formulation and (ii) evaluation and
agreement. The first phase has six steps to identify the current and future vulnerability of
the system. The second phase is a three-step participatory-driven process for the assessment
of different management options leading to the identification of robust actions (actions
that can satisfy disparate objectives under the assumed uncertainties). An essential step
of this framework is the formulation of the problem using the XLRM matrix [71], where
(X) stands for the uncertainties, (L) stands for the management options, (R) stands for the
analytical tools that relate the (X) and (L), leading to performance measures, and (M) is used
to evaluate the potential options. Uncertainties (X) are generally not contentious, i.e., all
interest groups can agree that climate change or demographic growth are uncertainties
that have the potential to impact outcomes related to water management. In contrast,
preferences related to sectoral or strategic actions (L) are contentious, as stakeholders can
oppose strategies offered by others. Metrics of performance (M) are identified for each
sector to evaluate the outcome of each strategy identified, the stakeholder’s preferred
strategy, as well as those offered by others. These metrics are independent of any strategy,
enabling a sector-specific strategy to improve outcomes (M) defined by another sector.
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This is the basis of trade-off analysis and compromise, which serves for the formulation of
a participatory-driven analysis in the decision process.

 

 

 

 

Figure 2. Framework to develop a Basin Master Plan based on model-driven participatory-based decisions. The new

approach (center panel) allows grounding and implementation of the National Basin Policy guidelines (left panel) [68] and

the robust decision support approach (right panel) [46].

The guiding framework of the PDC contemplates three stages: formulation, imple-
mentation, and evaluation and monitoring. Each of these stages has a step-by-step process
with general guidelines (Figure 2). All stages rely on public participation of the basin’s
institutions and actors as an essential element to promote environmental governance.
The formulation stage comprises an integral participatory appraisal that allows for the
identification and prioritization of the main objectives of basin and water management,
albeit without the benefit of detailed modeling and analysis. This stage also considers the
identification, construction, and validation of actions to achieve the proposed objectives.
Stakeholder participation is a key element for the PDC guidelines and the RDS framework.
The institutional approach and the mapping of key actors are considered at the beginning
of the process for both cases.

The comparison of PNC guidelines with the RDS framework reveals several gaps
within the PDC guidelines. These gaps reduce the capacity of the PDC guidelines to inform
water management in Bolivia’s river basins, including:

• The prioritization of problems is done only based on the historical time horizon
without considering potential future changes generated by uncertain factors (X) such
as climate change, land-use change, population growth, etc.

• The application of water resources system models is limited to generating water
balance data between supply and demand for historical conditions, and there is no
use for modeling at this stage of evaluating trends or strategic actions.
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• The strategic actions lack quantitative performance indicators or measures (M) to
help forecast progress toward medium- and long-term goals and objectives, to which
models have a great potential to contribute effectively.

However, the RDS general template to approach decision processes requires adapting
to the local particulars of water governance and institutional design. To use RDS effectively
to support the development of a new Rocha River basin PDC, we oriented the framework
toward the development of a participatory decision-making process. A novel component
of the RDS process was the introduction of ‘hard coupled’ decision interfaces to the WEAP
model to support participatory forums. This allowed diverse institutions, interests, and
organizations—that benefit or are affected by the decisions of the basin’s intervention—
to interactively explore the medium- and long-term implications of water management
options, recognize disparities between their own and others’ frames of reference, and share
ideas to build a Master Plan. The implemented framework, shown in Figure 2, is detailed
in the list below:

1. A mapping of key actors to identify the main institutional, sectoral, and civil society
actors in basin and management problems.

2. The institutional engagement which, within the framework of the PDC, means the
creation of the Inter-Institutional Platform as a space for the participation of the
basin’s stakeholders. This process is made up of the following instances: (i) the Board
of Directors as the highest decision-making body, which is integrated by executive
authorities from the national, departmental, and municipal levels; (ii) the Technical
Council with representation from public institutions, non-governmental organization
(NGOs), research institutes, and international cooperation initiatives; (iii) the Social
Council as a space for dialogue and negotiation between the different social sectors
such as water users, indigenous authorities, and civic organizations; and (iv) the
Basin Management Unit (UGC) as the operational body for the implementation of the
plan [11].

3. The identification of problems in the basin includes (i) participatory workshops, where
problems must be addressed at appropriate levels of granularity, from the local to the
regional scale and (ii) relevant indicators to assess those problems. This identification
should be accompanied by the collection of existing information and fieldwork to
characterize the problems and to construct a comprehensive database. Based on the
participatory space and relevant information, a list of the uncertainties or uncertain
factors (X) that define the problems can be consolidated.

4. The development of models of water resources systems that fully respond to the
problems identified and have the capacity and flexibility to incorporate different
future uncertainties (X) in the evaluation of intervention actions (L). Given the partici-
patory approach, this step requires the involvement of key stakeholders in providing
additional information, feedback, and local expert opinion to validate models, and
possible trajectories of uncertain factors.

5. The prioritization of problems through participatory workshops, where the problems
initially identified are presented, but this time characterized with model output
information for both historical and future conditions. Stakeholders can discuss and
agree on the priorities and problems that require intervention in the short, medium,
and long term based on quantitative and qualitative information; they can also define
specific objectives for each prioritized problem.

6. The identification of intervention actions (L) to achieve the specific objectives set.
Since the PDC must connect to other planning instruments, it is important to start
with the inventory of existing sectoral intervention actions and plans in the different
territorial entities, mainly those in a pre-investment state. This will allow an analysis
of how these actions contribute to the specific objectives and the need to identify
additional actions for which participatory spaces can be generated. This should be
accompanied by a characterization of the actions with basic technical information, the
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scope, reference costs, and social and environmental conflicts that may make their
implementation unfeasible.

7. The design of the Participatory Decision-Making Model (PDM) (R) as a facilitation-
oriented tool for the construction of agreements between different actors, recognizing
that there are coordination needs and that decision making is a process of negotiation
between the different interconnected interests, which are not always coherent with
each other. The PDM is made up of information, models of water resources systems,
participation mechanisms, users, and use cases. The characteristics of the PDM are
described in detail below:

a. It allows the consideration of action proposals from the different territorial
levels. It provides an overview of the coherent actions’ prioritization and
implementation, recognizing the present biophysical, sectoral, and territorial
interconnections that make the basin an indivisible planning unit.

b. The indicators (M) that consider a system of hierarchical analysis units, which
allows a nested measurement between working scales, and where the basin
domain is represented by sub-units of different scales, starting from indicators
in basic modeling units (i.e., micro-basin, irrigation zone, urban demand unit).

c. The specific objectives for the prioritized problems must be articulated with the
general principles established in the national policy and planning instruments
such as the PDC.

d. Their application is not limited only to the formulation stage but also to the other
stages such as monitoring or follow-up. In the formulation stage, it allows a
comparative and participatory analysis to be made over time, making it possible
to differentiate between medium- and long-term horizons. In the monitoring
and follow-up stage, it will have the capacity to review the fulfillment of goals
and potential strategic adjustments and redirection.

e. The type and scope of intervention actions that become relevant in the perfor-
mance of objectives and indicators at the intervention scales of a basin plan.
Through the PDM, it is possible to evaluate the multiple effects (positive or
negative) of the interaction of the various interventions.

f. With respect to both frameworks, the set of quantitative indicators that can
operate at various scales and the use of an interactive decision panel connected
to a water resources system model were important innovations. Co-designed
with stakeholders, these innovations create a common language and interactive
feedback of model runs to specific requirements.

8. The intervention actions identified in previous steps should be implemented in the
PDM to evaluate performance using multiscale indicators. This can begin with a
participatory and iterative exercise in evaluating individual actions in the medium
and long term. Interactions between the actors and the PDM, and discussions of
the different interests should lead to the formulation of intervention packages for
different time horizons.

9. The action packages should be grouped into strategic lines and a coherent and plau-
sible programmatic implementation framework with clearly established goals and
potential funding options leading to the development of a formulation document
to be approved by the stakeholders. Within the PDC framework, this refers to the
Inter-Institutional Platform.

At the implementation stage, intervention actions can be reviewed and adjusted as
new redirections are needed. The water resources system model can be updated with new
information to help improve its performance. To make this effective, it is necessary to build
local capacity in the management of all the tools that constitute the PDM.

3. Implementation of the Proposed Approach

The results of the implementation of the proposed approach in the formulation of the
Rocha River PDC are presented below.
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3.1. Strategic Modeling of the Basin’s Water Resources

The MMAyA and the Development Bank of Latin America (CAF) developed a pre-
vious instance of the Rocha River basin model using WEAP [48]. The modeling process
included the following in the collection and systematization of available data: participatory
co-development of the model, fieldwork, definition of scenarios, and discussions about the
benefits of using models in support of river basin planning. The WEAP model of the basin
includes hydrology, water demand and supply, rules of operation, use rights, and water
quality in terms of organic contamination of the main rivers. The model has a monthly
time step for a historical horizon of 1980–2015 and a prospective period of 2020–2050.
Hydrology was implemented using WEAP’s Soil Moisture Model (SMM) [35], which is
a one-dimensional model based on the notion of water transfer between two buckets: an
upper bucket representing the root zone and a lower bucket representing deep storage or
regional aquifers (when applicable). These two buckets represent the dynamics between
evapotranspiration, surface runoff, interflow, and percolation for each basic modeling unit
(catchments). The model allows dividing the basin in catchments in a semi-distributed
way. The SMM is forced with climate data such as precipitation, temperature, relative
humidity, wind speed, and insolation. Climate data from the Bolivian Water Balance [72]
were used as input. The SMM is also used to calculate irrigation demands in agricultural
areas, which are obtained as deficits of water required to maintain soil moisture within
desired boundaries following crop type and calendars and other technical restrictions such
as distribution or application efficiency and water allocation priority.

The catchments were delimited based on the location of reservoirs, water use points,
transfer basins, wastewater discharge, calibration points, and topographic transition zones
between mountain and valley areas (Figure 3). To parameterize the hydrological model,
vegetation coverage, slope, and geology were considered. The vegetation cover was classi-
fied with a Landsat 8 image (January 2018) for the following categories: agriculture, forest,
dispersed vegetation, temporary flood areas, urban area, scrubland, badland, and water
bodies. The slope was obtained from a HydroSHEDS digital elevation model (DEM) [73]
for the following ranges: sloping (<10%), strongly sloping (10–15%), moderately steep
(15–30%), steep (30–60%), and very steep (>60%). Using the 1:100,000 scale geological
map from Bolivia’s Geological Mining Service, it was possible to differentiate the Quater-
nary deposits. We used this information to identify the zones of recharge and the three
aquifers (Sacaba Valley, Cochabamba Valley, and Alto Valley) with high probability of
groundwater occurrence.

For the modeling, the 48 existing reservoirs were considered (Figure 3), of which 90%
have a storage capacity of less than 1 Mm3 and are used for small-scale irrigation. In the
rainy season, storage is prioritized, and in the transition and dry seasons, water volumes
are released for irrigation according to the agricultural calendar. The reservoirs for human
consumption are operated according to water demand. Information regarding physical
characteristics and location was collected from the national inventory [74] and potential
investment project database.

Household water demand was represented in WEAP as a function of population,
per capita consumption, and average losses reported by the water distribution systems
of each municipality. In the Rocha and Maylanco sub-basins, there are two types of
service providers: Water and Sanitation Service Providers (EPSA) and Small-scale Local
Operators (OLPE) [75]. The EPSA is an entity that depends on the municipal government
and whose service area is limited to the urban area, and it is regulated by the corresponding
authorities. The OLPE are autonomous community organizations or cooperatives that
provide water service to their areas of immediate territorial occupation. For the modeling,
a distinction has been made between the coverage of EPSA and OLPE. A total of 26 water
demand nodes have been represented (Figure 3). Water quality in the main section of the
Rocha River was represented in the model as the organic contamination constituents that
determine biological oxygen demand (BOD) using the Streeter–Phelps model [76] and
water temperature of the river. The modeled river section and assessment points are shown
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in Figure 3. The assessment points are located downstream of the wastewater treatment
plant (WWTP) discharge.

 

Figure 3. Key components of the Rocha River basin WEAP model. The numbers in parentheses in the legend refer to the

number of objects simulated in WEAP.

To determine the irrigation demand and allocation, we calculated the water balance
using the Food and Agriculture Organization of the United Nations (FAO) approach,
which is based on reference potential evapotranspiration and crop coefficients (Kc) [77].
We defined the irrigation area with the digitalization of high spatial resolution images.
We also assimilated information from previous studies to characterize the crop schedule,
agricultural calendar, and extent and type of irrigation systems [78–80]. The water balance
was implemented at an irrigation zone scale that can include one or several irrigation
systems. The catchments that have irrigation are shown in Figure 3. Irrigated zones can
cover more than one catchment; for this reason, the total number of modeled zones is 74,
while the number of irrigated catchments is 70.

For the model calibration, we used the flows measured in Misicuni, Taquiña, and
Puente Cajón stations, and the storage levels in La Angostura reservoir (Figure 3). In the
drainage area of these stations, the flows are modified by the extractions and storage in
reservoirs. Therefore, model calibration is not only limited to optimizing SMM parameters
but also to the operation rules and extraction volume. The initial parameters were defined
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with the reference values [81] and then adjusted until an acceptable performance was
achieved. At the Misicuni station, a satisfactory Nash–Sutcliffe index of 0.67 and a very
good Percent Bias (PBIAS) of −4.99% were obtained [82]. The determination coefficient
(R2) obtained between the modeled and measured storage volumes at La Angostura is
0.76, which indicates a good performance. The flows measured at Taquiña and Puente
Cajón stations are limited. These stations were used to validate the results obtained in La
Angostura and Misicuni.

Climate change scenarios in terms of precipitation and temperature for the 2020–2050
future horizon were generated from General Climate Models (GCMs) with downscaling
using the non-parametric K-nearest neighbor (K-nn)-Bootstrap statistical method [83].
This modeling process also identified other future uncertainties such as land-use changes
and population growth.

3.2. Participatory Process of Identification and Prioritization of Problems

The establishment of a formal Inter-Institutional Platform in the Rocha River Basin was
a slow process plagued by many challenges. This is due to the large number of municipal
jurisdictions in the basin (25 in total), the complexity of the problems, and the interests
of each territorial level. The Board of Directors and the Technical Council were legally
constituted only at the time of identifying intervention actions. The previous steps of
the proposed approach involved representatives of municipalities, universities, service
providers, and irrigation associations, some of whom became members of the Technical
Council. To identify the problems, 15 workshops were organized, which were followed
by the collection and assimilation of additional available information on biophysical
and sociocultural characteristics, land occupation, hydrological risks, water management,
management of life systems, and the institutional framework. The results were presented
at a workshop where stakeholders prioritized 11 strategic problems in the basin (Table 1).

Table 1. Problems prioritized by stakeholders in the Rocha River Basin and incorporated in the scoping in WEAP model

(shaded in gray).

Prioritized Problems

1. Low coverage for access to safe drinking water
 

7. Vulnerability to hydrological hazards
(flooding, landslides, drought, debris flow)

 
2. Low coverage in sanitation

 
8. Soil salinization

 
3. Unmet irrigation water demands

 
9. Urban growth in agriculture areas and aquifer
recharge

4. 4. Unsustainable use of groundwater
 

10. Institutional weakness to secure equitable
access to water and sustainable river basin
management

5

sus

5. Loss of environmental functions and
sustainable productive systems  

11. Lack of social awareness about the
importance of water, hydrological cycle and its
relationship with ecosystems and human
activities

6. Surface and groundwater pollution

The participatory spaces and the new information helped to scope the development
of the WEAP model. For problems related to territorial and terrestrial environmental
aspects, spatial analysis was also carried out using Geographic Information System (GIS)
and remote sensing methods. The resulting modeling tools contributed to the quantitative
characterization of eight of the problems for the historical and future condition representing
identified uncertainties in the strategic modeling process [48] (Table 1).

3.3. Identification of Intervention Actions

The starting point was the review of the implementation status of current sector
plans (e.g., Water and Sanitation Master Plan in the Metropolitan Area), the inventory of
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pre-investment projects of territorial entities, and the coordination with other planning
instruments in the process of formulation (e.g., Valle Alto Water Master Plan). In addition,
through participatory processes (workshops and meetings with local institutions), new
intervention actions were identified in response to the prioritized problems. Table 2 shows
the summary of intervention actions to improve conditions associated with water quantity
and quality, which can be implemented in the WEAP model. Each has one or more
conceptual design options according to its spatial scope, type of technology, and planning
level (e.g., pre-feasibility, final design).

Table 2. Summary of intervention actions (L) identified to improve water management in the Rocha River Basin.

Sub-Basin Water Management Intervention Type of Intervention Options

Rocha and Maylanco

Misicuni multi-purpose project Water transfer 6
Cordillera Norte multi-purpose project Water transfer 3

Construction of WWTP Water quality management 22
Reducing water losses in urban service areas Water demand management 7

Revitalization of irrigation system Water demand management 6
Technification of irrigation systems Water demand management 6

Top of inactive volume at the La Angostura reservoir System operation 4

Sulty

Khomer Khocha multi-purpose project Water transfer 1
Azul Kocha-Chillahuara Water transfer 1

Encañada reservoir Water transfer 1
Siches reservoir Infrastructure 1

Canllamayu reservoir Infrastructure 1
Kangani reservoir Infrastructure 1

Pucara Mayu reservoir Infrastructure 1
Revitalization of irrigation systems Water demand management 15
Optimization of irrigation systems Water demand management 15

All
Source priority Water management

Allocation priority Water management

The type of actions identified to solve the problem of water scarcity is focused on
new water transfers, new reservoirs, and efficiency measures. The water transfers have
a multipurpose approach (Misicuni, Cordillera Norte and Khomer Khocha) to supply
drinking water, irrigation, and hydropower generation. Due to the complexity of these
actions, their implementation is conceived in phases and with different options for their
implementation. The number of phases or implementation options are shown in Table 2.
In the case of actions referred to the management of irrigation demand, revitalization, and
technification, the options refer to the sites of implementation. In the Rocha and Maylanco
sub-basin, the six irrigation zones are the options, while in Sulty, there are 15 options.
The revitalization consists of improving the current traditional irrigation systems, which
includes modernizing the infrastructure (e.g., canals) and irrigation management (opera-
tion and maintenance). Technification refers to reducing the demand for water by using
technology for the application of irrigation. In terms of water quality management, the
options refer to the number of WWTP (11) considered for construction or improvement.
In addition, each WWTP has two technology options for a total of 22 options.

3.4. Design of a Participatory Decision-Making Model (PDM)

The Participatory Decision-Making Model (PDM) of the basin integrates the WEAP
model incorporating uncertainties and intervention actions, and an interactive dashboard
that provides user-friendly visualizations to create decision packages and to navigate the
resulting performance indicators across the different objectives and levels of disaggre-
gation (Figure 4). The uncertainties implemented in the WEAP model were the climate
change scenarios for the IPSL-CM5A-LR model, population growth, and land-use change.
The possible intervention actions are summarized in Table 2. The control panel designed in
Microsoft Excel facilitated the interaction of the WEAP model with stakeholders. In the
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panel, they could select the intervention actions, uncertainties, water allocation, and the
planning horizon (medium—2025, and long term—2040). The selected decisions are sent
to the WEAP model through a Microsoft VBA script and then, the model is run. The stake-
holders were able to visualize the performance of the intervention measures by means
of multi-scale indicators quantified at a range of scales from the basin, sub-basins, micro-
basins, aquifers, irrigation zones, urban demand units, and river reach. The platform
allowed for the visualization of these indicators at the precise scale of interest of each
actor. The indicators used are shown in Table 3 where each has the unit of measurement,
basic unit of spatial analysis, the upper-level spatial scale, and the function of aggregation.
For example, for drinking water, the basic unit of spatial analysis is the urban demand
unit, the next level is the sub-basin, and the subsequent level is the basin. The aggregation
function depends on the unit of measurement; in the case of volume, the function is the sum.
A cost-efficiency indicator was also considered. Multiscale indicators enabled a diverse
audience of stakeholders to explore the positive and negative interactions of intervention
actions, identify disparities in action performance across scales, and interactively compare
different actions that help identify and mitigate emerging regional or sectoral conflicts.

 

Figure 4. Conceptual design of the participatory decision-making model for the Rocha River Basin.

Table 3. Multiscale indicators (M) to evaluate the performance of intervention actions.

Indicator Name Unit Basic Unit of Spatial Analysis 1 Aggregation Function Aggregation Scales 2

Water demand m3/year Urban demand unit (26) Sum Basin (1), sub-basin (3)
Coverage People Urban demand unit Sum Basin, sub-basin

Coverage (driest
condition)

People Urban demand unit Sum Basin, sub-basin

Unmet demand m3/year Urban demand unit Sum Basin, sub-basin
losses % Urban demand unit Weighted average Basin, sub-basin
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Table 3. Cont.

Indicator Name Unit Basic Unit of Spatial Analysis 1 Aggregation Function Aggregation Scales 2

Agricultural areas
under optimal

irrigation
Ha Irrigation zone (74) Sum Basin, sub-basin

Unmet demand m3/year Irrigation zone Sum Basin, sub-basin

Recharge m3/year Aquifer (3) - -

Withdrawal m3/year Aquifer - -
Use rate (with-

drawal/recharge)
% Aquifer - -

BOD mg/L Urban river reaches (9) Weighted average Rocha River (1)
Flow L/s Urban river reaches Weighted average Rocha River Outlet

Transfer volume Mm3 Sub-basin Sum Basin

Cost-effectiveness
$/m3/people,

$/m3/ha
- - -

1 The numbers in parentheses refer to the quantity of basic units. There are 26 urban demand units, 74 irrigation zones, 3 aquifers, and 9
river reaches. 2 The numbers in parentheses indicate that there is a basin, 3 sub-basins, and a main river.

3.5. Evaluation of Intervention Actions

First, each intervention was evaluated individually using the participatory decision-
making model considering efficiency indicators for different uncertainty scenarios and
their performance in the medium (2025) and long term (2040). Second, stakeholders were
divided into two groups that through an iterative process identified and prioritized action
packages for the time horizons considered and the collection of stakeholder-specific goals
(Figure 5). Public institutions such as the MMAyA and different operational institutions of
the departmental government (Departmental Watershed Service, and Directorate of Water
Management and Basic Services) participated in this process. These institutions work on
pre-investment and investment planning related to water (Figure 5). During the group
sessions, participants offered four main insights:

• Given the scale and heterogeneity of conflicts over water access, projects currently
in development, such as the Misicuni reservoir and water transfer, can provide
important—but insufficient—gains toward the plan objectives, with several areas
of the basin with high vulnerabilities requiring specific targeted actions.

• Most actions will require additional actions with long-term commitments; mid-term
actions must focus on creating the enabling conditions such as pre-investment studies
that can last several years accompanied with the search for additional funding sources.

• The solution to water scarcity problems requires large water transfer actions, which
may take decades to implement.

• Short-term, efficiency-oriented actions can provide gains toward the required so-
lutions; however, a strategic long-term plan is required to allow a coherent and
compatible implementation of short-term and long-term actions. Hence, short-term
actions may enable the implementation of middle- and long-term actions and prevent
future contradictions among other strategic projects.

During the exercise, not only technical and financial indicators were analyzed but also
potential social and environmental conflicts that may make implementation unfeasible.
Aspects such as water distribution and allocation priorities were also addressed.

3.6. Proposal and Approval of the Strategic and Programmatic Framework

The prioritized actions were organized and structured in lines of action and strategic
lines that focused on institutional, sectorial, and community interventions, always con-
sidering the principle of the basin approach. The PDC gives action plans that must be
pursued in the medium and long term to make substantial progress in the well-being of the
inhabitants and their way of life. It also provides an integrated framework to strengthen
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financing processes by coordinating the investments that the territorial authorities make in
water management issues, which are currently carried out in a fragmented manner and
generate environmental conflicts. Coordination allows for the expansion of the scope of
benefits through the coherent use of resources. The PDC document was agreed to by all
key stakeholders and approved by the Technical Council. Moreover, the PDC has been
declared a departmental law (Decreto Departamental No 4544, 18th of September 2020) [84].
A legal framing means the PDC actions are now binding and must be fulfilled by the
sub-basin jurisdictions, hence leveraging financial resources for action implementation and
increasing the PDC’s visibility across planning scales. Table 4 shows the plan in detail,
which has five strategic lines and 82 interventions. The total investment for the period
2020–2040 amounts to USD 1.5 billion; for the current population, this is equivalent to
approximately USD 58/person/year. Most of the total investment cost of the plan (98%)
corresponds to the strategic line of water management, which has an implementation
horizon of 20 years. For the first five years (planning horizon of the PDC), priority was
given to the construction and improvement of the WWTP, the construction of water conduc-
tion infrastructure of the Misicuni, starting with detailed pre-investment studies for new
water transfers (Cordillera Norte and Khomer Khocha), water demand management, and
preservation of the drainage area of current and potential transfer basins (water reserve
zone). The 2026–2040 horizon of the plan contemplates the construction and putting in
operation of the new water transfers, the extension of the water distribution network and
sanitary sewerage, and the new WWTP. With this package of actions in the medium term
(2025), progress will be made in improving the quality of water in the Rocha River and
reducing unsatisfied demand in the Rocha and Maylanco sub-basins. The solution to water
scarcity problems in the entire basin depends mostly on new water transfers, which will
require decades to implement. The other strategic lines have an implementation horizon
in accordance with the times established in the national basin policy. These lines seek
to improve the sustainable management of micro-basins, institutional strengthening for
water resources management, improving information and knowledge, and water culture.
The baseline and plan indicators agreed upon for the 2020 and 2040 horizons are described
in detail below. The baseline is the current system of water resource management projected
for different future time horizons.

 

 

 

 

 

Figure 5. Photograph of the workshop for the evaluation of medium- (2025) and long-term (2040) intervention actions using

the participatory decision-making model.
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Table 4. Summary of the Rocha River Basin master plan agreed with the Inter-Institutional Platform.

Strategic Line Number of Actions Horizon Key Actions
Investment

(USD) 1

Water management 37
2025

- Infrastructure for the conduction and distribution of drinking water and irrigation (Misicuni).
- Construction of WWTP in the Rocha sub-basin and expansion of sewerage coverage.
- Pre-investment studies of strategic actions for new water transfer.
- Water demand management actions in urban areas and irrigation areas.
- Adoption of strategic micro-basins as water reserves to prevent the emergence of land-use conflicts.

532.8 M

2026–2040

- Construction and operation of new water transfer infrastructure.
- Expansion of water distribution network coverage in urban areas and irrigation.
- Extension of sanitary sewerage coverage and new WWTPs in the Sulty sub-basin.

958.4 M

Integral and sustainable
management of sub-basin

and micro-basin
19 2025

- Mitigation of soil erosion, landslides, loss of vegetation cover, and flood risk.
- Protection of aquifer recharge areas and management of saline soils.
- Restoration of environmental functions of water regulation through afforestation, reforestation, and the

recovery of native grasslands.
- Incorporate the watershed approach in territorial planning and management of hydrological risks on a basin

scale through preventive and mitigating actions.

20.8 M

Information and
knowledge

8 2025

- Aquifer and river water quality monitoring, and construction of water quality laboratory in Sulty sub-basin.
Detailed studies of groundwater modeling, feasibility of implementing WWTPs on a small scale,
environmental performance of the industrial sector, and ecological flows.

- Sustainability of participatory decision-making model.

1.8 M

Institutional
strengthening

10 2025

- The operational consolidation of the Inter-Institutional Platform and strengthening and formation of Strategic
Committees (e.g., groundwater).

- Assigning normative hierarchy to the plan through a departmental law or ministerial resolution.
- The promotion of the plan to generate knowledge and institutional commitment
- Institutional strengthening of territorial entities in water management.
- Identification of institutional mechanisms for conflict resolution.

2.4 M

Water culture 8 2025

- Promote environmental sustainability before institutions and citizens through actions such as art, competitive
funds, exchange of experiences, spaces for reflection and recreation, academic research, and design of tourist
routes.

3.3 M

1 Conversion rate: 1 USD = 6.96 BOB (reference year 2019).
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3.6.1. Baseline Indicators

Projections until 2025 and 2040 indicate that the basin would have a population of
1,518,502 and 2,228,632 people, respectively. The irrigable area is approximately 40,002
ha, which was assumed to be constant for future time horizons. Performance indicators
up to 2025 (Table 5) indicate that the current supply system could supply only 66% of the
population and optimally irrigate 19,443 ha. The annual volume of unsatisfied demand
in the basin would be 340.3 Mm3. The water quality in the Rocha River modeled by BOD
would be 153 mg/L, which is approximately four times higher than the limits established
in national legislation. The Sulty sub-basin would have an unsustainable exploitation
of groundwater. By 2040, these indicators could worsen (see Table 5); for example, the
unsatisfied demand could reach 362.7 Mm3. The current supply system would only have
the capacity to supply 59% of the population, and irrigation conditions would remain
similar to those encountered in the medium term.

3.6.2. Indicators of the Agreed Plan

In this paper, we present the aggregated results at the basin and sub-basin scale;
however, in the PDM, the results can be visualized at the basic service area unit scale of
modeling. Table 5 shows the expected level of improvement in the main performance
indicators up to 2025 (medium term). The plan expects to reduce the annual unmet demand
in the basin by 64.9 Mm3. The population benefited by the package of actions is 403,647
people. In irrigation, it is expected that the deficit will be reduced by 58.1 Mm3 and the
optimal irrigated area will increase by 1768 ha. In water quality, a reduction of BOD
by 101 mg/L is expected—that is, a reduction of more than 70% of the current levels of
contamination, and at the same time, an increase of approximately 20% in the flow during
the low water season to improve the environmental functionality and the assimilation
capacity of the Rocha River.

Table 5 shows the indicators expected in the long term (2040). The package of actions
will reduce unsatisfied water demand by 227 Mm3 in the basin, thus increasing access to
safe water by 834,049 people and increasing the area under optimal irrigation by 10,497 ha.
The increase in the supply of surface water will make it possible to achieve the sustainable
use of all the aquifers in the basin—that is, by exploiting them within the limits of their
natural recharge. In terms of water quality, a reduction in BOD of 125 mg/L is expected as
well as an increase in the flow of the River Rocha in the months of low water by 359 L/s.

In the Maylanco sub-basin, indicators presented negative changes up until the year
2025. For example, drinking water coverage reduced by 3759 people, and unmet demand
increased by 0.4 Mm3 (Table 5). This is mainly due to the expansion of the water distribution
system from Misicuni to the municipalities of the Rocha sub-basin. In the baseline scenario,
the Maylanco sub-basin would be benefitted from higher water volumes; however, the
proposed plan will reduce the water volumes given the expansion of the water distribution
system. These changes are also reflected in the increase of the groundwater use rate by
52%. In the Pucara and Abra sections (Maylanco sub-basin), there is a small BOD increase
due to the reduction in volumes delivered from Misicuni, which also reduces the river’s
self-purification capacity.
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Table 5. Performance of the proposed actions (2025 and 2040).

Component Indicator Unit Spatial Domain
Base Line Agreed Plan Expected Change

2025 2040 2025 2040 2025 2040

Drinking water

Coverage People Sub-basin

Sulty 66,733 87,171 66,733 148,232 0 61,061

Rocha 715,953 853,199 1,123,359 1,612,808 407,406 759,609
Maylanco 222,569 372,068 218,810 385,448 −3759 13,380

Basin 1,005,254 1,312,438 1,408,901 2,146,487 403,647 834,049

Unmet demand Mm3 Sub-basin

Sulty 3.3 5.8 3.3 1.4 0.0 −4.4
Rocha 9.6 29.3 2.5 1.9 −7.1 −27.4

Maylanco 0.0 1.3 0.4 0.0 0.4 −1.3

Basin 12.99 36.41 6.24 3.34 −6.75 −33.07

Irrigation

Optimal irrigation
area

ha
Sub-basin

Sulty 12,042 12,045 12,743 18,795 701 6750
Rocha 6411 6467 7315 8960 903 2493

Maylanco 990 986 1154 2240 164 1254

Basin 19,443 19,499 21,211 29,996 1768 10,497

Unmet demand Mm3 Sub-basin

Sulty 227.0 227.0 198.7 98.9 −28.3 −128.1
Rocha 81.2 80.1 57.7 32.5 −23.5 −47.7

Maylanco 19.1 19.2 12.8 1.1 −6.3 −18.1

Basin 327.3 326.3 269.2 132.4 −58.1 −193.8

Water quality BOD, Flow mg/L, L/s River reach

Pucara 38 213 53 266 39 210 49 282 1 −3 −4 16
Abra 59 437 73 613 61 422 66 660 3 −15 −7 47

Albarancho 123 277 138 469 46 483 49 876 −76 207 −89 407
Valverde 105 277 117 469 64 483 56 876 −41 207 −61 407
Esquilan 196 606 207 840 60 581 53 1003 −136 −25 −154 164

Cotapachi 198 614 209 848 61 800 55 1334 −137 186 −155 486
Virgen Carmen 268 710 312 944 57 872 53 1485 −211 161 −258 541

Suticollo 185 568 220 802 36 753 35 1446 −149 184 −184 644

Rocha river 153 502 177 703 52 613 52 1062 −101 111 −125 359

Groundwater Use rate % Aquifer
Sulty 105 105 102 65 −3 −40
Rocha 64 82 55 54 −9 −28

Maylanco 43 87 95 0 52 −87
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Cost-effectiveness analysis was part of the performance indicators used in the pro-
cess of evaluating intervention actions. Some sector interventions identified before the
formulation of the PDC presented unfavorable values in terms of cost-effectiveness, es-
pecially water transfers such as Khomer Khocha. The intervention assessment process
explored options to make interventions feasible within the framework of the basin plan-
ning. The multipurpose approach of the actions has been an option that allowed obtaining
more encouraging indicators of economic efficiency. Table 6 shows the cost-effectiveness
indicators of the agreed plan for the different time horizons. In the case of drinking water,
the highest value is related to the implementation of the Misicuni additional water trans-
fers. In irrigation, the indicators are well within the Bolivian viability threshold of 10,000
USD/ha. The highest value in the horizon 2035 is related to the implementation of the
Khomer Khocha water transfer that benefits mainly irrigation in the Sulty.

Table 6. Cost-effectiveness indicators of the agreed plan for water supply actions for drinking water

and irrigation.

Horizon
Drinking Water Irrigation

USD/People Thousands USD/Mm3 USD/ha Thousands USD/Mm3

2025 6 377 2370 72
2030 20 782 1764 82
2035 6 179 4507 246
2040 0.2 6 858 46

4. Discussion

4.1. How Does the Water Resources System Model Respond to Water-Related Decision-Making
Processes and Institutional Governance Design at a Range of Scales within a River Basin?

In the Rocha River Basin, all available water is in use, which means that there is no
free water for new uses [85], and management decisions are fundamentally a redistribution
between existing users. According to the modeling, the demand for water is potentially
three times the natural availability of the basin; hence, there is extensive unsafe reuse
and a growing dependence on external sources. The implementation or intervention
actions that consider expanding the use of the basin’s supply sources generate conflicts.
In this context, the formulation of the basin plan faced many challenges. In the decision-
making process, analytical modeling tools helped to recognize, quantify, and differentiate
the local and regional impacts of water reallocation. Our multiscale approach allowed
the diverse frames of reference of basin stakeholders such as small OLPES, individual
irrigation zones, and municipal jurisdictions to identify their interdependence with other
sector-specific goals or regions, including those operating at different scales, and engage in
productive negotiations.

An example to illustrate this is the Siches Reservoir (Table 7), which in the Sulty
sub-basin generates an incremental irrigation area of 797 ha, but in the Rocha sub-basin, the
optimal irrigation area is reduced by 222 ha. The drainage area of this potential reservoir is
one of the main tributaries to the La Angostura reservoir, which in turn supplies irrigation
areas in the Rocha sub-basin. To compensate for the conflicts identified, iterative exercises
(as shown in Figure 3) were carried out. These exercises contributed to the construction of a
package of actions to achieve the full spectrum of objectives and goals (Table 7). In addition,
it was possible to incorporate climate change into decision making with the model. In the
process of building the action set, stakeholders were able to visualize results of how climate
change in the long term could lead to problems in the reliability of water supply systems.
This is how actions to build resilience in water supply systems were assessed. Based on this
exercise, the new Cordillera Norte water transfer action was formulated as part of the plan.
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Table 7. Performance in irrigation of the intervention action of Siches Reservoir.

Sub-Basin
Optimal Irrigation Area [ha]

Base Line Intervention Action Change

Sulty 12,042 12,839 797
Rocha 6411 6189 −222

Maylanco 990 990 0
Basin 19,443 20,018 575

Likewise, the results of the model showed that water-use efficiency actions and expan-
sion of current supply sources in the basin, while providing important gains in performance,
cannot compensate for existing conflicts on their own or fulfill the medium- and long-term
PDC main goals, such as universal and equitable access to safe water. Therefore, solutions
to scarcity problems will also require several strategic actions that increase the volume
of water transfers. Due to the multipurpose nature and regional scope, it will also allow
substantial progress in the sustainable use of groundwater by supplementing current wells
with transferred surface water. By improving the environmental conditions of the rivers, it
will also provide greater capacity for assimilation by increasing the flow in months of low
water from the return flows.

The analytical tool for decision-making in the basin makes it possible to co-develop
strategies in participatory spaces with the interested parties. The use of models in conflict
management is recognized in the scientific literature [86,87]. However, formalizing their
use in decision-making within the framework of the basin plan had many challenges
related to limited data, the complexity of traditional water management, the spatial and
temporal scale of water supply systems, and some resistance to the use of models. At the
beginning of the process, the main challenge was the lack of credibility for the use of
the model in formulating the plan, as stakeholders indicated that the available data were
insufficient to develop the watershed WEAP model. In addition, incorporating the model
into planning meant adjusting the PDC’s methodological guidelines, which also generated
resistance in certain government institutions. To address these challenges, partnerships
were formed with local universities to maximize the use of available data and advances,
intensive fieldwork to collect irrigation data, discussion meetings with local experts, and
workshops to share the inputs and results. The participatory modeling approach generated
opportunities to iterate the process while interacting with local experts. By involving
stakeholders early in the process, we were able to make adjustments and continuous
improvement in the formulation of the river basin plan. As mentioned by Loucks et al. [45],
the credibility of a model is very subjective, and the modeling, besides trying to represent
reality, is also an attempt to formalize and guide those perceptions.

It is important to recognize that there are conflicts around intervention actions that
cannot be negotiated through the support of models because they require arrangements
in traditional, sectoral, institutional, and legal use rights. For example, water transfer
actions generate conflicts in the territory of new uses [55]. Based on experiences of the
Misicuni water transfer, this type of action generates the displacement of rural community
settlements, the loss of productive land, and the drying up of wetlands and springs [51]
with unjust compensation [88,89]. With these precedents, the transfer actions proposed in
the watershed plan could face similar conflicts.

4.2. How Does the Water Resources System Model Contribute to the Development of Effective
Water Planning Instruments?

Formulating and implementing river basin master plans in Bolivia is a learning process
built on experiences from strategic basins of varied geographic contexts. For instance, the
first master plan of the Rocha River Basin showed progress in elaborating the diagnostic
study and the strategic guidelines. It also made progress in the implementation of IRBM
actions in priority micro-basins and flood mitigation infrastructure. Its water management
strategy focused on water access and use. However, it was up to sectorial plans (e.g., the
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Water Master Plan) to identify the actions needed to fulfill the master plan. The initial
strategy lacked quantitative indicators and goals in its implementation horizon, which
would have enabled monitoring and follow-up processes as well as connections with other
plans at the national scale. For instance, the Bolivian Economic and Social Development
Plan could have been a potential connection, since ‘achieving universal access to water’
is also one of its objectives. Since the formulation of the first basin plan, the Rocha and
Maylanco sub-basins made significant progress with their Water and Sanitation Master Plan.
However, the proposed actions were not aligned with other water uses, such as irrigation,
since the Water and Sanitation Master Plan focused on water for human consumption.
Lastly, the Sulty sub-basin made progress in managing financial sources for the preparation
of the Water Master Plan.

The updating of the Basin Plan under the proposed approach was an opportunity to
coordinate these sectoral interventions and the actions promoted from the different territo-
rial entities that are not necessarily connected to objectives at the regional- and basin-level.
In addition, the updated plan has a sequence of short-, medium-, and long-term actions,
thus recognizing the potential effects of climate change. Its strategic and multisectoral ap-
proach made it possible to identify a wide range of co-benefits and compensation measures.
The flexibility of the analytical decision-making tool will allow monitoring and follow-up
as the plan is implemented, and if necessary, the goals could be adjusted according to new
orientations in policy or new stakeholder priorities.

5. Conclusions

Our integrated approach lays the foundation to apply the RDS framework in water
resources management, building upon and expanding on Bolivia’s basin policy. The formu-
lation of the River Rocha PDC led to formalizing the use of modeling tools in the context
of river basin planning in Bolivia. However, we faced many challenges arising from the
planning process to identify strategic actions, particularly those related to expanding the
use of the basin’s supply sources. We connected sector- and territorial-based actions across
the river basin while engaging municipalities and the regional and national governments
in the planning process. Our analytical modeling tools helped to identify and quantify the
trade-offs between local and regional impacts that a new water use could generate, hence
facilitating the decision-making process. Once we identified positive and negative effects of
the proposed actions, the participants could negotiate and propose compensation measures
within the PDC. We formulated a PDC considering short-, medium-, and long-term climate
change scenarios, setting out measurable goals for each time horizon and establishing
implementation phases for the proposed actions. Our iterative RDS process allowed for
re-arrangements or changes within the water resources system modeling according to the
stakeholders’ inputs and needs.

The PDC covers a wide range of topics—from flood control measures to determining
a financial plan for the implementation of strategic actions. As previously mentioned, the
analytical tools are key to the river basin planning process. However, not all territorial-
based actions are integrated in the water resources system model. Further research is
needed to integrate territorial-based actions and water resources modeling for participatory
decision-making process, hence minimizing potential conflicts in planning instruments
such as the PDC. In addition, water resources system models alone may not recognize all
water-related conflicts. Water resources modeling tools may be limited in their capacity
to propose sound socioeconomic alternatives and/or compensations to people directly
or indirectly affected by water-related projects. Although our water resources system
model accommodated water volumes according to each implemented action in the river
basin, our work has not directly addressed legal and institutional conflicts behind those
actions. In addition to indicating the water availability through a detailed water budget,
anticipating conflicts that might emerge in the strategy implementation phase could help
with conflict management under scenarios of uncertainty. Moreover, the Andean region
of Bolivia widely adopts usos y costumbres to ensure water rights in communal territories.
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The Cochabamba Valley is no exception to these historical customary practices. As properly
observed by Hendriks [65], “water belongs to the territory and the territory belongs to the
community”. Further research is needed to intentionally intersect planning at the river
basin level with water management in communal territories, addressing any mismatching
policies that may escalate potentially divisive water governance approaches.

The RDS approach applied in the Bolivian context may facilitate IWRM implementa-
tion at the river basin scale by providing both rigorous water resources system modeling
and effective stakeholder participation. Our proposed framework creates an opportunity
for stakeholders to engage in the water management process and highlights the need of en-
suring participatory processes to legitimate planning instruments for the river basin. We are
comfortable that the approach taken addresses the general challenges facing IWRM and
the specific context of water management in Bolivia. The key was allowing for cross-scale
evaluation of the performance of different actions and a direct integration of watershed
and water resources management interventions.
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Abstract: In order to alleviate the problem of water shortage, the Ministry of Water Resources of China

proposed a Water-Saving Contract (WSC) project management model in 2014, which is similar to the

Energy Performance Contract (EPC). In this context, this research aims to explore the applicability of

China’s WSC projects by risk assessment, and to help promote WSC projects in China. Different from

traditional risk assessment, this paper takes into account the uncertainty of the EPC project’s risks,

and adopts the multielement connection degree set pair analysis to evaluate both the level and trend

of the risks. The results show: (1) the overall risk of China’s WSC projects is low, so WSC projects are

very suitable for promotion in China. However, the overall risk shows a trend of decelerated ascent,

which shows that there are some potential high-risk factors in China’s WSC projects; (2) among the

many risks of the WSC projects, audit risk, financing risk, and payment risk are at a high-risk level;

market competition risk is at a medium-risk level; the remaining risks are at a low-risk level; (3) among

the medium and high risks, audit risk, financing risk, and market competition risk have a trend of

accelerated ascent, while payment risk has a trend of decelerated decline; in low risks, inflation risk

has a trend of decelerated ascent, while the remaining risks have a trend of accelerated decline.

Keywords: risk assessment; water-saving; set pair analysis; China

1. Introduction

Since the reform and opening up, China’s population has continued to grow. The process of

industrialization and urbanization has accelerated, which has led to a gradual increase in water

consumption. With global warming and the pollution of water resources caused by industrial

development, the problem of insufficient regional water supply in China has become increasingly

prominent. Insufficient water resource carrying capacity has become the main constraint in China’s

sustainable development [1]. Normally, the way to solve water shortage can be divided into the

increasing water supply and saving water. For a long time, China has been relying on the construction

of a transbasin water diversion project to solve the problem of insufficient water supply in the north,

which is a typical supply-oriented solution while throttling has been relatively ignored [2]. Therefore, in

order to achieve the purpose of saving water, the Ministry of Water Resources of China (MWRC) began
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to vigorously implement Water-Saving Contract (WSC) projects in 2016 [3]. At present, China’s WSC

project is still in the initial stage, and it faces many uncertain risks. In order to promote the development

of the WSC projects in China, it is of great significance to assess the risks of the projects and formulate

relevant policies to reduce them.

1.1. Profit Model of the WSC Project and Its Stakeholders

The WSC contains a specific water-saving target which is beneficial to the water user. By providing

advanced and applicable water-saving technologies, the water-saving service operators carry out a

technological transformation, establish long-term management mechanisms, and eventually pay the

full cost by water-saving benefits, while water users can also share the benefits. This is a market-based

water-saving management model [4]. The profit model is shown in Figure 1. The project involves three

subjects, namely: the government, water-saving service operators, and water users. The government

mainly assumes the role of policy guidance. Water-saving service operators provide services to water

users through technological innovation to alleviate the pressure on water consumption. Water users

are the ultimate beneficiaries. Here, we mainly discuss the risks encountered by water-saving

service operators.

Figure 1. Profit model of water-saving contract projects.

1.2. Enlightenment of the Energy Performance Contract’s (EPC) Risk Assessment to WSC

At present, there are few studies on the risk assessment of the WSC project, and there is no

uniform analytical framework and research method for systematically assessing the risks. However,

in essence, the WSC proposed by the MWRC is similar to the Energy Performance Contract (EPC);

therefore, when analyzing the risks of China’s WSC projects, the research results of EPC projects can be

used for reference.

In the research of the EPC project, Mills et al. identified the inherent risks of EPC projects

and divided them into five categories, namely, economic risks, environmental risks, technical risks,

operational risks, and measurement and verification (M&V) risks [5]. On the basis of Mills et al.’s

research, Lee et al. added financial risk, project design risk, and installation risk to the research of risk

assessment in the EPC project, and identified the key risks of EPC projects through questionnaires.

They believe that the key risks to energy service companies are possible payment defaults of hosts

after installation, the uncertainty of baseline measurement, and the increase in installation costs in

EPC projects [6]. Hu and Zhou further refined the risks of the EPC project in China. They considered

that EPC project risks include political and legal risks, market risks, technical risks, management risks,

financial risks, project quality risks, and customer risks [7]. Duan et al. constructed a life cycle analysis

framework of EPC projects containing four stages, namely the contract signing stage, investment stage,

implementation stage, and benefit-sharing stage [8]. Based on the framework proposed by Duan,

Wu et al. used an improved analytic hierarchy process (AHP) to determine the weight of various

risk indicators of the EPC project in China, and established a risk evaluation model using a fuzzy

comprehensive evaluation method [9]; Huang et al. combined AHP and gray evaluation theory to

construct a gray multilayer evaluation model of the EPC project’s risks, and analyzed the high-risk

factors of China’s EPC project [10]. Garbuzova-Schlifter and Madlener systematically studied the
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common risk factors and causes of risk associated with EPC projects executed in three Russian sectors:

(1) industrial; (2) housing and communal services; (3) public. They also conducted a quantitative

assessment of risks based on an AHP approach, and proposed a widely applicable risk management

framework for Russian EPC projects [11]. Valipour et al. divided EPC project risks in Iran into six

categories: design risk, market risk, political risk, environmental risk, construction risk, and political

risk, and assessed the level and occurrence probability of the EPC project’s risks using Analytic

Network Process (ANP) method. Their results indicate that political risk and design risk are the most

significant types of risk in Iran’s EPC projects [12].

1.3. The Risk Characteristics of the WSC Project and the Determination of Its Research Methods

The study of EPC projects provides effective analysis frameworks and research methods for the risk

assessment of the WSC projects However, unlike EPC projects, WSC projects have the characteristics of

the long project cycle, relatively low return on investment, and weak liquidity. These characteristics

may cause the risk level of the WSC projects to change significantly during the whole life cycle of the

project [4]. In addition, as WSC projects are still in their infancy in China, the level of the risk is prone

to change under the influence of national development strategy, overall economic level, management

technique, and market resource allocation [13]. Therefore, simply analyzing the level of risk can

no longer meet the needs of risk assessment in the WSC project, and the trend of risk should also

be analyzed.

In the previous studies on EPC projects, the trend of risk was hardly considered, and its

uncertainty makes it difficult to assess. Set pair analysis (SPA) has strong adaptability in dealing with

the interaction between certainty and uncertainty in the system [14]. Cui et al. built an evaluation

model to quantitatively evaluate and diagnose the carrying capacity of regional water resources under

uncertain conditions by applying set pair analysis [15]. Gao et al. put forward a model based on

set pair analysis about information risk evaluation. This model can not only divide the extent of the

information risk, but it describes the trend of the information risk. It could describe the information

risk from static and dynamic [16]. Zheng et al. used the set pair analysis method to analyze the safety

of the tailing pond. Through set pair analysis, the development trend of the safety status of the tailings

pond can be judged [17].

Based on the studies above, this article intends to use a literature analytic method to determine the

risks existing in the WSC project’s life cycle which was proposed by Duan [8], and uses multielement

connection number set pair analysis to evaluate the level and trend of the risks. Finally, suggestions are

made based on the characteristics of various risks to control and reduce them.

2. Materials and Methods

2.1. Risk Identification in Water-Saving Contract Projects

This article divides the life cycle of the WSC project into four stages according to

Duan et al. [8]. The four stages are the contract signing stage, investment stage, implementation stage,

and benefit-sharing stage. Then, the risks in each stage of the WSC project were sorted out through a

literature review, as shown in Table 1.

(1) Contract signing stage

The contract signing stage includes the process of water audit, feasibility study, and contract signing.

In the process of water consumption audit, if the water-saving service operator cannot accurately

obtain the actual water consumption of the water user, the payback period will be lengthened [18].

The focus of the feasibility study is to evaluate and demonstrate the water-saving technique. If the

technique obtained by water-saving service operators fails to reach the target, it will cause economic

losses and waste of resources [19]. Li et al. consider that WSC projects have not yet formed a mature

market-based management mechanism in China, which can easily cause malicious competition in the
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industry [20]. As a result, this article determines the risk evaluation indicators of the contract signing

stage, such as: information risk, technical risk, and market competition risk.

(2) Investment stage

Sustainable funding is an important guarantee for the implementation of the project. In the

investment stage, water-saving service operators need to finance to ensure the progress of the project,

and its financing channel mainly comes from commercial banks [21]. At the same time, due to the

long payback period of investment in water-saving contract projects, the bank’s interest rate may

increase during the project, which will also affect the company’s financing costs and reduce the final

profit of water-saving service operators [7]. Therefore, this article determines the risk indicators of the

investment stage, such as: financing risk and interest rate risk.

(3) Implementation stage

The implementation stage includes engineering construction, equipment procurement, installation,

and commissioning [26]. In this stage, construction safety directly affects the process and construction

cycle of the WSC projects [22]. In addition, some external factors also increase the risk of the

implementation stage, such as: policy changes [20], force majeure [23], and inflation [24]. Policy changes

may directly affect the enthusiasm of water-saving service operators, so as to affect the final quality

of the project; the risk of force majeure will directly lead to the termination of the project; the impact

of inflation is the same as the increase in bank interest rates, which will reduce the final profit of

the project. In summary, this article determines the risk indicators of the implementation stage as:

construction risk, policy risk, force majeure risk, and inflation risk.

(4) Benefit-sharing stage

After the implementation stage is over, it enters the benefit-sharing stage. At this stage, water-saving

service operators are responsible for project operation and equipment maintenance. At the same time,

it recovers investment costs and obtains reasonable profits by sharing water-saving benefits. Li et al.

pointed out that the depreciation rate of the equipment would greatly affect the operating costs, so they

suggested strict maintenance of the equipment [20]. The payment default of the water user is also one of

the important risks in the benefit-sharing stage. If water users have weak credit awareness or cannot reach

the predetermined water consumption due to their own economic problems, the investment of the WSC

projects will not be recovered [6]. The fluctuation of water prices will affect the payback period of the

WSC projects [25]. As mentioned above, this article determines the risk indicators in the benefit-sharing

stage as: facility depreciation risk, payment risk, and water price change risk.

Table 1. Risk index system of WSC project.

Stage Indicator Risk Consequences

Contract signing stage
(CSS)

Audit risk (AR) [18] Lengthen the payback period

Technical risk (TR) [19]
The actual water-saving amount cannot meet the

requirements of the contract
Market competition risk (MCR) [20] Unfair competitive practice

Investment stage
(INS)

Financing risk (FR) [21] Affect the progress of the project
Interest rate risk (IRR) [7] Reduce the final profit of the project

Implementation stage
(IMS)

Construction risk (CR) [22] Affects the process and construction cycle
Policy risk (PR) [20] Affect the enthusiasm of water-saving service operators

Force majeure risk (FMR) [23] Lead to the termination of the project
Inflation risk (IR) [24] Reduce the final profit of the project

Benefit-sharing stage
(BSS)

Facility depreciation risk (FDR) [20] Increase operating costs
Payment risk (PMR) [6] Investment in water-saving projects will not be recovered

Water price change risk (PCR) [25] Affect the payback period
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2.2. Multielement Connection Degree Set Pair Analysis

2.2.1. Basic Theory of Set Pair Analysis

The set pair analysis (SPA), proposed by Zhao in 1989, is a modified uncertainty theory considering

both certainties and uncertainties as an integrated certain–uncertain system and depicting the certainty

and uncertainty systematically from three aspects as identity, discrepancy, and contrary [27]. In set

pair analysis, the connection degree is usually expressed as follows:

µ = a + bi + cj (1)

where a is the identity degree, b the discrepancy degree, c the contradictory degree, a + b + c = 1 and

∀a, b, c ∈ [0, 1]; µ is the 3-element connection degree; i is the uncertainty coefficient of discrepancy,

which has different values in [−1, 1]; j is the uncertainty coefficient of contradiction, which has

value of −1.

2.2.2. Multielement Connection Degree and Partial Connection Degree

In Equation (1), bi is the measurement between identity degree a and contradictory degree c with

uncertainty. This item could be often expanded in actual applications. The expanded equation is as

follows [28]:

µ = a + b1i1 + b2i2 + · · ·+ bn−2in−2 − c (2)

where µ in Equation (2) is the n-element connection degree; a + b1 + b2 + · · · + bn − 2 + c = 1;

∀a, b1, b2 · · · bn−2, c ∈ [0, 1]; ∀i1, i2 · · · in−2 ∈ [−1, 1].

Similar to the concept of derivatives, the partial connection degree could be used to describe the

development tendency of the connection degree. The first-order and second-order partial connection

degree of the multielement connection degree could be described as follows [29]:

First-order partial connection degree:

∂µ = ∂a + i1∂b1 + i2∂b2 + · · ·+ in−2∂bn−2 (3)

where ∂a = a
a+b1

, ∂b1 = b1
b1+b2

, ∂b2 = b2
b2+b3

, . . . , ∂bn−2 = bn−2
bn−2+c . This equation describes the

development trend from c to a. Its essence is the n − 1-element connection degree, which could be used

to describe the development trend of Equation (2).

Second-order partial connection degree:

∂2µ = ∂(∂µ) = ∂2a + i1∂
2b1 + i2∂

2b2 + · · ·+ in−3∂
2bn−3 (4)

Similar to Equation (3), Equation (4) is the n − 2-element connection degree which could use to

describe the development trend of Equation (3), where ∂2a = ∂a
∂a+∂b1

, ∂2b1 = ∂b1
∂b1+∂b2

, ∂2b2 = ∂b2
∂b2+∂b3

,

. . . , ∂2bn−3 = ∂bn−3
∂bn−3+∂bn−2

.

In practical applications, system risks are often divided into five levels, namely: low, relatively low,

medium, relatively high, and high risks. Therefore, the five-element connection degree is often used to

analyze the level and trend of risk. Its expression is:

µ = a + b1i1 + b2i2 + b3i3 − c (5)

If a is taken as the reference set and define it as low risk, then b1 represents relatively low risk,

b2 medium risk, b3 relatively high risk, and c high risk.
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2.2.3. Set Pair Potential

When c , 0, the ratio a/c is the set pair potential [30], which is expressed as:

Shi (x) = a/c, (c , 0) (6)

When a/c > 1, Shi (x) is at the same potential, which means that the risk is on the low side.

When a/c = 1, Shi (x) is at the equal potential, which means the risk is at a medium size. When a/c < 1,

Shi (x) is at opposite potential, which means that the risk is on the high side.

When using the five-element connection degree for risk analysis, the ratio a/c can show the

situation of risk, but it fails to classify the level of risk that needs to be determined by the size of b, c,

and d. According to the size of b, c, and d, the risks in the situation of the same potential and opposite

potential can be divided into 65 levels (as shown in Appendix A). When Shi (x) is at the same potential,

the higher the level (Level 1 is the highest level), the lower the risk; when Shi (H) is at the opposite

potential, the higher the level, the higher the risk.

The concept of set pair potential can also be applied to first-order and second-order partial

connection degree, which is expressed as:

Shi1 (x) =
∂a

∂bn−2
(7)

Shi2 (x) =
∂2a

∂2bn−3
(8)

where Shi1 (x) is the set pair potential of first-order partial connection degree, and Shi2 (x) is the set

pair potential of second-order partial connection degree. Shi1 (x) and Shi2 (x) can be used to describe

the trend of the risk, as shown in Appendix B.

2.3. Risk Assessment Process of Water-Saving Contract Project Based on Five-Element Connection Degree

(1) Calculate the index weight by entropy method

In order to eliminate the subjectivity of experts in evaluating each risk, this article uses the entropy

method to calculate the weight of risk indicators. The calculation steps are as follows:

• Build the judgment matrix B, namely:

B =

































x11 x12

x21 x22

· · · x1n

· · · x2n
...

...

xm1 xm2

. . .
...

· · · xmn

































(9)

In Equation (9), n is the number of risk assessment indicators, and m is the number of experts.

• Calculate the entropy of the indicator j:

Hj = −
1

ln(m)

m
∑

i=1

Pij ln
(

Pij

)

, (i = 1, 2, · · · , m; j = 1, 2, · · · , n) (10)

Pij =
xij

∑n
j=1 xij

(11)
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• Calculate the weight of the indicator j:

ωj =
1−Hj

n−
∑n

j=1 Hj
(12)

where 0 ≤ ωj ≤ 1 and
n
∑

j=1
ωj = 1.

(2) Risk assessment based on the five-element connection degree

After determining the index weight ω, the calculation equation of the five-element connection

degree can be obtained using Equation (13).

µ = ω×R× ET = (ω1,ω2, · · · , ωn)
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=
n
∑

i=1
ωrRr1 +

n
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ωrRr2i +

n
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ωrRr3j +
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(13)

where R is the occurrence probability matrix of the risk; ET is the coefficient matrix of the five-element

connection degree; Rij = Nij/N (i = 1, 2, · · · , n; j = 1, 2, · · · , 5; j = 1 means low risk, j = 2 means

relatively low risk, j = 3 means medium risk, j = 4 means relatively high risk, j = 5 means high risk).

Among them, Nij is the number of experts who determine the risk indicator i as risk level j, and N

is the total number of experts. Finally, we can figure out a =
n
∑

i=1
ωrRr1, b =

n
∑

i=1
ωrRr2, c =

n
∑

i=1
ωrRr3,

d =
n
∑

i=1
ωrRr4 and e =

n
∑

i=1
ωrRr5.

In the actual analysis, it is usually difficult to encounter equal potential. Therefore, this article

ranks the risk level into 5 levels according to the five-element degree of the similar potential and the

inverse potential, namely: high-risk level (Levels 1–26 of inverse potential), relatively high-risk level

(Levels 27–52 of inverse potential), medium-risk level (Levels 53–65 of inverse potential, Levels 53–65

of the same potential), relatively low-risk level (Levels 27–52 of the same potential), and low-risk

level (Levels 1–26 of the same potential). At the same time, use the set pair potential of the first-order

partial connection degree and the second-order partial connection degree to analyze the trend of

risk, which can be divided into 6 types: accelerated decline, decelerated decline, decelerated ascent,

accelerated ascent, uniform decline, and uniform ascent.

2.4. Data Collection

This article adopts the entropy method to determine the weight of the risk indicator. In order to

obtain xij in Equation (9), the evaluation of the expert i on the risk indicator j, this article adopts the

interval classification method and requires 5 experts to score it. The scoring table is shown in Table 2.

Five experts are from Hebei University of Engineering, North China University of Water Resources and

Electric Power, Hohai University, Beijing Guotai Water-Saving Development Co., Ltd., and the Yellow

River Conservancy Commission of the Ministry of Water Resources. Among them, Hebei University of

Engineering and Beijing Guotai Water-Saving Development Co., Ltd. are the participants in China’s

first water-saving contract project; North China University of Water Resources and Electric Power and

Hohai University are specialized universities for China’s water conservancy and hydropower research;

the Yellow River Conservancy Commission of the Ministry of Water Resources belongs to MWRC.
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Table 2. The interval classification of the impact degree of the risk indicator.

Influence Level Scoring Interval Influence Degree

I [0,0.2] Low
II [0.2,0.4] Relatively low
III [0.4,0.6] Medium
IV [0.6,0.8] Relatively high
V [0.8,1] High

In order to obtain the risk occurrence probability of Rij in Equation (13), this article uses the

Likert five-point scale method to design the questionnaire. In the Likert five-point scale, 1 means

low risk, 2 means relatively low risk, 3 means medium risk, 4 means relatively high risk, 5 means

high risk. In this article, 300 questionnaires were distributed to staffmembers of water-saving service

operators (including the technical manager, financial manager, procurement manager, and project

manager) from 13 water-saving contract pilot projects, and 276 valid questionnaires were finally

obtained. The descriptive statistics results are shown in Table 3

Table 3. Descriptive statistical results of the questionnaire.

Stage Indicator Mean Std. Deviation Skewness Kurtosis

CSS

AR 3.036 1.416 −0.010 −1.318
TR 2.587 1.423 0.284 −1.305

MCR 3.337 1.078 −0.055 −0.858

INS
FR 3.007 1.404 0.154 −1.289
IRR 2.638 1.506 0.222 −1.467

IMS

CR 2.815 1.467 0.170 −1.385
PR 2.822 1.455 0.141 −1.331

FMR 2.884 1.386 0.061 −1.214
IR 2.449 1.370 0.363 −1.256

BSS

FDR 2.909 1.451 0.080 −1.290
PMR 3.167 1.524 −0.110 −1.486
PCR 2.786 1.394 0.063 −1.278

Note: Source: calculated by SPSS 19.

In this paper, Cronbach’s Alpha is used for the reliability test. The results show that Cronbach’s

Alpha of the questionnaire is 0.912 (>0.9), indicating that the questionnaire has good reliability.

The results are shown in Table 4

Table 4. Reliability Analysis of questionnaire on the risk level.

N %

Cases

Valid 276 100.0
Excluded 0 0.0

Total 276 100.0

Cronbach’s Alpha N of items

0.912 12

Note: Source: calculated by SPSS 19.

3. Results

The weight of each risk and their five- element connection degree are shown in Table 5.
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Table 5. Calculation table of the five-element connection degree.

Stage Weight Indicator Weight Five-Element Connection Degree Situation Level

CSS 0.3876

AR 0.415 0.1848 + 0.2174i + 0.1848j + 0.2029k + 0.2101l − 9
TR 0.241 0.3406 + 0.1630i + 0.1812j + 0.1993k + 0.1123l + 25

MCR 0.344 0.0290 + 0.2174i + 0.3043j + 0.2862k + 0.1630l − 61
Total 1 0.1686 + 0.2042i + 0.2250j + 0.2306k + 0.1703l − 47

INS 0.2155

FR 0.616 0.1558 + 0.2790i + 0.1993j + 0.1341k + 0.2319l − 25
IRR 0.384 0.3732 + 0.1159i + 0.1522j + 0.2174k + 0.1377l + 25

Total 1 0.2393 + 0.2164i + 0.1812j + 0.1661k + 0.1957l + 3

IMS 0.2754

CR 0.248 0.2609 + 0.2174i + 0.1486j + 0.1920k + 0.1812l + 7
PR 0.237 0.2681 + 0.1739i + 0.2065j + 0.1703k + 0.1812l + 21

FMR 0.205 0.2283 + 0.1739i + 0.2464j + 0.1884k + 0.1630l + 19
IR 0.310 0.3732 + 0.1667i + 0.1739j + 0.2101k + 0.0761l + 25

Total 1 0.2907 + 0.1824i + 0.1902j + 0.1917k + 0.1449l + 25

BSS 0.1215

FDR 0.306 0.2464 + 0.1522i + 0.2536j + 0.1413k + 0.2065l + 21
PMR 0.404 0.1957 + 0.2029i + 0.1377j + 0.1667k + 0.2971l − 9
PCR 0.290 0.2754 + 0.1413i + 0.2355j + 0.2174k + 0.1304l + 19
Total 1 0.2343 + 0.1695i + 0.2015j + 0.1736k + 0.2210l + 21

Total 0.2265 + 0.1982i + 0.2027j + 0.1931k + 0.1839l + 19

Note: “+” means same potential, “−” means opposite potential.

As shown in Table 5, uCCS = 0.1686+ 0.2042i+ 0.2250j+ 0.2306k+ 0.1703l, shi(CCS) = 0.9900 < 1.

It is at Level 47 of the opposite potential, which means the risk in the contract signing stage is relatively

high. In this stage, the audit risk is at Level 9 of the opposite potential, which is at a high-risk level;

technical risk is at Level 25 of the same potential, which is at a low-risk level; the market competition

risk is at Level 61 of the opposite potential, which is at a medium-risk level.

uIS = 0.2393 + 0.2164i + 0.1812j + 0.1661k + 0.1957l, shi(INS) = 1.2227 > 1. It is at Level 3 of the

same potential, which means the risk of this stage is low. In this stage, financing risk is at Level 25 of

the opposite potential, which is at a high-risk level; technical risk is at Level 25 of the same potential,

which is at a low-risk level.

uOS = 0.2907 + 0.1824i + 0.1902j + 0.1917k + 0.1449l, shi(IMS) = 2.0062 > 1. It is at Level 25 of

the same potential, which means the risk of this stage is low. In this stage, construction risk, policy risk,

force majeure risk, and inflation risk are at Levels 7, 21, 19, and 25 of the same potential, respectively,

which means they are all at low-risk levels.

uBSS = 0.2343 + 0.1695i + 0.2015j + 0.1736k + 0.2210l, shi(BSS) = 1.0601 > 1. It is at Level 21 of

the same potential, which means the risk of this stage is low. In this stage, facility depreciation risk and

water price change risk are at Levels 21 and 19 of the same potential, respectively, which means they

are at a low-risk level; payment risk is at Level 9 of the opposite potential, which is at a high-risk level.

uWSC = 0.2265 + 0.1982i + 0.2027j + 0.1931k + 0.1839l, shi(WSC) = 1.2316 > 1. It is at Level 19 of

the same potential, which means the overall risk of the WSC project is low. Therefore, WSC projects

are suitable for development in China.

In each stage of the WSC project, the contract signing stage is at a relatively high level of risk;

the investment stage, implementation stage, and benefit-sharing stage are at a low-risk level. Therefore,

the contract signing stage is the focus of risk control in the WSC project. From the perspective of

each risk, audit risk, financing risk, and payment risk are at a high-risk level, they are the primary

concern in risk control; market competition risk is at a medium-risk level, it is the secondary concern in

risk control; the remaining risks are at a low-risk level, but it does not mean that these risks can be

ignored, because the risk level may be easily affected by factors such as national development strategy,

overall economic level, management technology, and market resource allocation as the WSC project

is still in its infancy in China. Therefore, it is necessary to analyze Shi1 (x) and Shi2 (x) of each risk,

as shown in Table 6.
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Table 6. Calculation of partial connection degree and trend analysis.

Stage Indicator First-Order Partial Connection Degree Situation
Second-Order Partial
Connection Degree

Situation

CSS

AR 0.4595 + 0.5405i + 0.4767j + 0.4913k − 0.4595 + 0.5314i + 0.4924j −
TR 0.6763 + 0.4736i + 0.4762j + 0.6396k + 0.5882 + 0.4986i + 0.4268j +

MCR 0.1177 + 0.4167i + 0.5153j + 0.6371k − 0.2202 + 0.4471i + 0.4472j -
Total 0.4522 + 0.4759i + 0.4938j + 0.5752k − 0.4872 + 0.4907i + 0.4619j +

INS

FR 0.3583 + 0.5833i + 0.5978j + 0.3664k − 0.3805 + 0.4939i + 0.6200j −
IRR 0.7630 + 0.4323i + 0.4118j + 0.6122k + 0.6383 + 0.5121i + 0.4021j +

Total 0.5230 + 0.5513i + 0.5333j + 0.4444k + 0.4868 + 0.5083i + 0.5454j −

IMS

CR 0.5455 + 0.5940i + 0.4363j + 0.5145k + 0.4787 + 0.5765i + 0.4589j +

PR 0.6066 + 0.4572i + 0.5480j + 0.4845k + 0.5702 + 0.4548i + 0.5308j +

FMR 0.5676 + 0.4138i + 0.5667j + 0.5361k + 0.5784 + 0.4220i + 0.5139j +

IR 0.6912 + 0.4894i + 0.4529j + 0.7341k − 0.5855 + 0.5194i + 0.3815j +

Total 0.6144 + 0.4896i + 0.4980j + 0.5696k + 0.5565 + 0.4958i + 0.4665j +

BSS

FDR 0.6182 + 0.3751i + 0.6422j + 0.4063k + 0.6224 + 0.3687i + 0.6125j +

PMR 0.4910 + 0.5957i + 0.4524j + 0.3594k + 0.4518 +0.5684i + 0.5572j −
PCR 0.6609 + 0.3750i + 0.5200j + 0.6251k + 0.6380 + 0.4190i + 0.4541j +

Total 0.5802 + 0.4569i + 0.5372j + 0.4399k + 0.5595 + 0.4596i + 0.4541j +

Total 0.5281 + 0.4920i + 0.5062j + 0.5321k − 0.5159 + 0.4926i + 0.4889j +

Note: “+” means same potential, “−” means opposite potential.

As shown in Table 6, Shi1 (CSS) is at the opposite potential while Shi2 (CSS) is at the same

potential, which means the risk of contract signing stage has a trend of decelerated ascent according to

Appendix B. In this stage, audit risk and market competition risk have a trend of accelerated ascent,

and technical risk has a trend of accelerated decline.

Shi1 (INS) is at the same potential while Shi2 (INS) is at the opposite potential, which means the

risk of investment stage has a trend of decelerated decline. In this stage, financing risk has a trend of

accelerated ascent, and interest rate risk has a trend of accelerated decline.

Shi1 (IMS) and Shi2 (IMS) are both at the same potential, which means the risk of implementation

stage has a trend of accelerated decline. In this stage, construction risk, policy risk, and force majeure

risk have a trend of accelerated decline, and inflation risk has a trend of decelerated ascent.

Shi1 (BSS) and Shi2 (BSS) are both at the same potential, which means the risk of the benefit-sharing

stage has a trend of accelerated decline. In this stage, facility depreciation risk and water price change

risk have a trend of accelerated decline, and payment risk has a trend of decelerated decline.

Shi1 (WSC) is at the opposite potential while Shi2 (WSC) is at the same potential, which means

the overall risk of the WSC project has a trend of decelerated ascent. Although the overall risk of the

WSC project is low as we concluded before, it shows a trend of decelerated ascent. This indicates that

there are some potential high risks in WSC projects. From the perspective of each risk, audit risk and

financing risk are not only at a high-risk level but also show a trend of accelerated ascent, so they

are at the highest risk. Although the market competition risk is at a medium-risk level, it shows a

trend of accelerated ascent, so it should also be considered as high risk. Payment risk is at a high-risk

level, it shows a trend of decelerated decline; while inflation risk is at a low-risk level, it shows a trend

of decelerated ascent. For these two risks, based on conservative principles, the former should still

be treated as high risk, while the latter should be treated as medium risk. The remaining risks are

all at a low-risk level and show a trend of accelerated decline, so their impact can be ignored under

normal circumstances.

4. Discussion

In this section, we focus on discussing the risk level and risk trend of the WSC projects, and then

put forward some policy recommendations for the high risks.
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4.1. Audit Risk

Audit risk is not only at a high-risk level but also shows a trend of accelerated ascent.

After interviewing the managers of water-saving service operators, it is concluded that the audit risk is

at a high-risk level for the following two reasons: (1) For urban permanent residents, water-saving

transformation can save costs in the long run. Therefore, these water users will deliberately over-report

their water consumption in order to allow water-saving service operators to transform their water

supply facilities, which will result in a longer payback period for water-saving service operators;

(2) For rural water users who need agricultural irrigation, it is difficult to accurately assess their water

consumption due to the influence of climate, environment and market demand, which leads to the

uncertainty of investment payback period of water-saving service operators. Obviously, the payback

period is the main factor that affects audit risk. The long payback period will increase the debt burden

of the water-saving service operators [18]. Moreover, it will also increase the probability of other risks,

resulting in some secondary risks. Therefore, audit risk shows a trend of accelerated ascent.

4.2. Financing Risk

As same as audit risk, financing risk is also at a high-risk level with a trend of accelerated ascent.

In terms of financing risks, credit, mortgage, and loan mechanisms have not been established for WSC

projects in the bank’s financial system, which is the main reason for the high financing risk [31]. First of

all, WSC projects are still in their infancy in China, and water-saving service operators have not yet

obtained good credit ratings from the credit evaluation departments of financial institutions. Second,

assets formed by WSC projects, such as equipment and contract receivables, can only be evaluated

at the implementation stage and benefit-sharing stage. Banks and other financial institutions often

do not recognize such assets or accept them as credit collateral during the investment stage. Thirdly,

the technique and risk of the WSC projects are not well known by commercial banks, which greatly

increases the cost of loan examination. According to the above reasons, the loan review of commercial

banks will inevitably be stricter, and the requirements for loan guarantees will inevitably increase,

making it more difficult for water-saving service operators to obtain financing. Li et al. pointed out

that the water-saving service operators in China are generally small- and medium-sized enterprises.

Unlike state-owned enterprises, these enterprises have difficulty obtaining financing as the market

economy is not developed at a high level and the preferential policies are not strong enough [20].

In addition, commercial banks tend to lend to projects with short cycles and high returns [32]. Therefore,

the majority of water-saving service operators will fall into a vicious circle of difficulty in obtaining

loans, which leads financing risk to show a trend of accelerated ascent.

4.3. Market Competition Risk

Market competition risk is at a medium-risk level, but it has a trend of accelerated ascent, so it

should also be regarded as a high-risk level. The high market competition risk of China’s WSC projects

is mainly due to the monopoly of local water-saving service operators and state-owned enterprises.

First of all, no clear industry access standard has been established for WSC projects in China, and there

is a lack of authoritative evaluation standard for water-saving efficiency and service level, which has

led to irregular operation and market monopoly by some local water-saving service operators [33].

Second, state-owned enterprises have monopolized almost all large-scale WSC projects with their

unique resource endowments (https://wsmc-china.com/home/main.html), these resource endowments

include advanced technology, standardized management, high reliability, and state subsidies [34].

Local monopolies can be eliminated by regulating the market, but the monopoly of state-owned

enterprises is difficult to change in China. As the current trend of “guojingmingtui” (the retreat of

the private sector and advancement of state-owned enterprises) in China becomes more and more

intense [35], the market competition risk caused by the monopoly of state-owned enterprises has a

trend of accelerated ascent.
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4.4. Payment Risk

Payment risk is at a high-risk level, it shows a trend of decelerated decline. Based on conservative

principles, it should be treated as high risk. After interviewing the managers of water-saving service

operators, it is concluded that the reasons for the high payment risk are customer default and business

problems. There are two main cases of customer default: (1) Water users do not pay the water-saving

benefits belonging to water-saving service operators; (2) As other water-saving operators gave more

favorable terms, the water user breached the contract and resigned the contract with other water-saving

service operators. The business problem refers to the customer’s inability to reach the expected water

consumption due to economic and demand pressures. In the final analysis, customer defaults are

caused by customers’ low moral standards and creditworthiness, and customer’s business problems

are caused by inaccurate assessments of customers’ economic level and water consumption. Wang et al.

believe that the application of blockchain and big data can help companies obtain more customer

information, so that they can conduct a comprehensive evaluation of customers [36]. At present,

blockchain and big data have begun to be applied in China in terms of information sharing, so the

payment risk will be reduced in the long run [37].

4.5. Inflation Risk

Inflation risk is at a low-risk level, but it shows a trend of decelerated ascent, so it should be

regarded as a medium level risk. Yadav et al. compared the inflation rates of China, the United States,

and India. Their research shows that the inflation rates of China and the United States are basically

the same and are at a relatively low level, while the inflation rate of India is much higher than that of

China and the United States [38]. However, although the risk of inflation is very low in China, it has a

steady upward trend, which is related to China’s currency oversupply in recent years [39], and China’s

inflation rate in recent years has also proved this trend (as shown in Figure 2).

 

Figure 2. China’s inflation rate (2014–2019).

4.6. Other Risks

The remaining risks are all at a low-risk level and show a trend of accelerated decline. Among these

risks, technical risks, construction risks, and facility depreciation risks are technical and management

risks. Such risks can be reduced significantly by the accumulation of project experience and the rapid

development of technologies, so the risks show an accelerated decline.

Interest rate risk, policy risk, force majeure risk, and water price change risk are risks outside of

technology and management, which are greatly affected by the fluctuations of the external environment.

In recent years, in order to promote economic development, China has continuously cut interest

rates. The benchmark lending rate of China’s central bank showed a continuous and large-scale decline

(by 1.25%) from 22 November 2014 to 24 October 2015, and remained stable after 24 October 2015 [40],

as shown in Figure 3. Therefore, the interest rate risk has a trend of accelerated decline.
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Figure 3. The benchmark lending rate of the People’s Bank of China (2014–2020).

For the policy risk, although the preferential policies for water-saving contract projects are not

enough at present [20], related policies are still being introduced [41]. Therefore, policy risk has a trend

of accelerated decline.

We have counted the force majeure events encountered in 13 water-saving contract pilots, and the

results showed that none of the projects were affected by force majeure. Therefore, it can be seen that

the force majeure risk is low. In water-saving contract projects, except for the core technologies of

water-saving, infrastructure construction takes up the majority of the projects. With the continuous

accumulation of experience in China’s infrastructure construction, the impact of force majeure on it

has become smaller and smaller [42]. Therefore, Force majeure risk has a trend of accelerated decline.

China’s water price has been at a low level due to the government’s macrocontrol [43], and the

overall water price in China has shown a downward trend since 2014 (http://www.h2o-china.com/price/).

Therefore, the risk of water price changes has a trend of accelerated decline.

5. Conclusions

This paper uses the literature analysis method to determine the risks in the life cycle of the WSC

project, and uses the multielement connection degree set pair analysis to evaluate the level and trend

of the risks. The results show:

(1) The overall risk of China’s WSC projects is low, so water-saving contract projects are very

suitable for promotion in China. However, the overall risk shows a trend of decelerated ascent,

which shows that there are some potential high-risk factors in China’s WSC projects.

(2) Among the many risks of the WSC projects, audit risk, financing risk, and payment risk are at a

high-risk level; market competition risk is at a medium-risk level; technical risk, interest rate risk,

construction risk, policy risk, inflation risk, facility depreciation risk, and water price change risk

are at low-risk level.

(3) Among the medium and high risks, audit risk, financing risk, and market competition risk have

a trend of accelerated ascent, while payment risk has a trend of decelerated decline; in low

risks, inflation risk has a trend of decelerated ascent, while the remaining risks have a trend of

accelerated decline.

In summary, audit risk, financing risk, market competition risk, payment risk, and inflation risk

are the risks that should be focused on in water-saving contract projects. Since inflation risk can

only be avoided through financial analysis, and is not controllable, this article proposes the following

recommendations for audit risk, financing risk, market competition risk, and payment risk:

(1) Audit risk and payment risk

Audit risk and payment risk can be reduced through effective third-party management mechanisms.

Therefore, it is necessary to cultivate a group of qualified third-party management institutions for
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WSC projects. These institutions not only supervise the performance of contracts by water users and

water-saving service operators, but also coordinate and arbitrate contradictions between both parties.

(2) Market competition risk

China has not yet formed a standard market competition environment. In today’s economic

globalization, China should increase international cooperation, learn from the mature experience and

models accumulated by other countries in EPC projects, and actively create a good market-oriented

competition environment, so as to ensure the high quality and sustainable development of the

WSC projects.

(3) Financing risk

The financing difficulty of small- and medium-sized enterprises is a universal problem, which does

not only exist in WSC projects. In order to help water-saving service operators obtain financing,

special funds for WSC projects in the banking system could be considered; Secondly, in order to solve

the loan guarantee problem, water-saving service operators should be allowed to use the improved

technology as collateral. Finally, insurance mechanisms can be introduced into ESC projects, that is,

taking insurance premiums as a means of financing.
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Appendix A

Table A1. The rank of five-element connection degree of similar potential.

Ranking of Potential Situation a>e

1 a > b b > c c > d d > e 23 a > b b < c c = d d = e 45 a = b b < c c = d d > e
2 a > b b > c c > d d = e 24 a > b b < c c = d d < e 46 a = b b < c c < d d > e
3 a > b b > c c > d d < e 25 a > b b < c c < d d > e 47 a < b b > c c > d d > e
4 a > b b > c c = d d > e 26 a > b b < c c < d d = e 48 a < b b > c c > d d = e
5 a > b b > c c = d d = e 27 a > b b < c c < d d < e 49 a < b b > c c > d d < e
6 a > b b > c c = d d < e 28 a = b b > c c > d d > e 50 a < b b > c c = d d > e
7 a > b b > c c < d d > e 29 a = b b > c c > d d = e 51 a < b b > c c = d d = e
8 a > b b > c c < d d = e 30 a = b b > c c > d d < e 52 a < b b > c c = d d < e
9 a > b b > c c < d d < e 31 a = b b > c c = d d > e 53 a < b b > c c < d d > e

10 a > b b = c c > d d > e 32 a = b b > c c = d d = e 54 a < b b > c c < d d = e
11 a > b b = c c > d d = e 33 a = b b > c c = d d < e 55 a < b b > c c < d d < e
12 a > b b = c c > d d < e 34 a = b b > c c < d d > e 56 a < b b = c c > d d > e
13 a > b b = c c = d d > e 35 a = b b > c c < d d = e 57 a < b b = c c > d d = e
14 a > b b = c c = d d = e 36 a = b b > c c < d d < e 58 a < b b = c c > d d < e
15 a > b b = c c = d d < e 37 a = b b = c c > d d > e 59 a < b b = c c = d d > e
16 a > b b = c c < d d > e 38 a = b b = c c > d d = e 60 a < b b = c c < d d > e
17 a > b b = c c < d d = e 39 a = b b = c c > d d < e 61 a < b b < c c > d d > e
18 a > b b = c c < d d < e 40 a = b b = c c = d d > e 62 a < b b < c c > d d = e
19 a > b b < c c > d d > e 41 a = b b = c c < d d > e 63 a < b b < c c > d d < e
20 a > b b < c c > d d = e 42 a = b b < c c > d d > e 64 a < b b < c c = d d > e
21 a > b b < c c > d d < e 43 a = b b < c c > d d = e 65 a < b b < c c < d d > e
22 a > b b < c c = d d > e 44 a = b b < c c > d d < e
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Table A2. The rank of five-element connection degree of inverse potential.

Ranking of Inverse Potential a<e

1 a < b b < c c < d d < e 23 a = b b = c c > d d < e - a < b b = c c > d d = e
2 a = b b < c c < d d < e 24 a > b b = c c > d d < e 46 a < b b > c c > d d = e
3 a > b b < c c < d d < e 25 a < b b > c c > d d < e 47 a < b b < c c < d d > e
4 a < b b = c c < d d < e 26 a = b b > c c > d d < e 48 a = b b < c c < d d > e
5 a = b b = c c < d d < e 27 a > b b > c c > d d < e 49 a > b b < c c < d d > e
6 a > b b = c c < d d < e 28 a < b b < c c < d d = e 50 a < b b = c c < d d > e
7 a > b b > c c < d d < e 29 a = b b < c c < d d = e 51 a = b b = c c < d d > e
8 a = b b > c c < d d < e 30 a > b b < c c < d d = e 52 a > b b = c c < d d > e
9 a < b b > c c < d d < e 31 a < b b = c c < d d = e 53 a < b b > c c < d d > e

10 a < b b < c c = d d < e 32 a = b b = c c < d d = e 54 a = b b > c c < d d > e
11 a = b b < c c = d d < e 33 a > b b = c c < d d = e 55 a > b b > c c < d d > e
12 a > b b < c c = d d < e 34 a < b b > c c < d d = e 56 a < b b < c c = d d > e
13 a < b b = c c = d d < e 35 a = b b > c c < d d = e 57 a = b b < c c = d d > e
14 a = b b = c c = d d < e 36 a > b b > c c < d d = e 58 a > b b < c c = d d > e
15 a > b b = c c = d d < e 37 a < b b < c c = d d = e 59 a < b b = c c = d d > e
16 a < b b > c c = d d < e 38 a = b b < c c = d d = e 60 a < b b > c c = d d > e
17 a = b b > c c = d d < e 39 a > b b < c c = d d = e 61 a < b b < c c > d d > e
18 a > b b > c c = d d < e 40 a < b b = c c = d d = e 62 a = b b < c c > d d > e
19 a < b b < c c > d d < e 41 a < b b > c c = d d = e 63 a > b b < c c > d d > e
20 a = b b < c c > d d < e 42 a < b b < c c > d d = e 64 a < b b = c c > d d > e
21 a > b b < c c > d d < e 43 a = b b < c c > d d = e 65 a < b b > c c > d d > e
22 a < b b = c c > d d < e 44 a > b b < c c > d d = e

Appendix B

Table A3. Trend curve of the risk.

Shi1 (x) Same potential Same potential Opposite potential

Shi2 (x) Same potential Opposite potential Same potential

Change type accelerated decline decelerated decline decelerated ascent

Change curve

Shi1 (x).Shi2 (x)

 Shi1 (x)Shi2 (x)
ascent 

–
Rogers, S.; Chen, D.; Jiang, H.; Rutherfurd, I.; Wang, M.; Webber, M.; Crow‐Miller, B.; Barnett, J.; 

China’s —
–

–

–

–

–

–

–
China’s

–

–

–

Shi1 (x).Shi2 (x)

 Shi1 (x)Shi2 (x)

–
Rogers, S.; Chen, D.; Jiang, H.; Rutherfurd, I.; Wang, M.; Webber, M.; Crow‐Miller, B.; Barnett, J.; 

China’s —
–

–

–

–

–

–

–
China’s

–

–

–

Shi1 (x).Shi2 (x)

 Shi1 (x)Shi2 (x)
 t 

–
Rogers, S.; Chen, D.; Jiang, H.; Rutherfurd, I.; Wang, M.; Webber, M.; Crow‐Miller, B.; Barnett, J.; 

China’s —
–

–

–

–

–

–

–
China’s

–

–

–

Shi1 (x) Opposite potential Same potential Opposite potential

Shi2 (x) Opposite potential Equal potential Equal potential

Change type Accelerated ascent Uniform decline Uniform ascent

Change curve

Shi1 (x).Shi2 (x)

Shi1 (x)Shi2 (x)

 

–
Rogers, S.; Chen, D.; Jiang, H.; Rutherfurd, I.; Wang, M.; Webber, M.; Crow‐Miller, B.; Barnett, J.; 

China’s —
–

–

–

–

–

–

–
China’s

–

–

–

Shi1 (x).Shi2 (x)

Shi1 (x)Shi2 (x)

–
Rogers, S.; Chen, D.; Jiang, H.; Rutherfurd, I.; Wang, M.; Webber, M.; Crow‐Miller, B.; Barnett, J.; 

China’s —
–

–

–

–

–

–

–
China’s

–

–

–

Shi1 (x).Shi2 (x)

Shi1 (x)Shi2 (x)

 

–
Rogers, S.; Chen, D.; Jiang, H.; Rutherfurd, I.; Wang, M.; Webber, M.; Crow‐Miller, B.; Barnett, J.; 

China’s —
–

–

–

–

–

–

–
China’s

–

–

–
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Abstract: This research analyzes the BOVESPA stock market response to the worst drought occurred

in the last 100 years in Brazil. For this purpose, we conducted a standard event study analysis in order

to assess the financial response to such hydrological risk on a sample of seven Brazilian agri-food

firms. We found statistically significant negative cumulative average abnormal returns (CAARs)

around the drought official announcement for different event windows used. Particularly, the highest

impact was obtained for the narrowest temporary window, five days around the event disclosure.

Moreover, we also found the drought announcement affects even more negatively those companies

that sell perishable products, five out of seven in our sample, versus those selling nonperishable

ones by running a two-sample t-test on CAARs. This study brings awareness to the climate change

impact into the emerging financial markets and the risk faced by shareholders when investing in the

agri-food sector, not only in Brazil but also in other Latin American countries, due to the increasing

probability to suffer from droughts.

Keywords: droughts; hydrological risk; agri-food sector; event study; financial markets; BOVESPA

1. Introduction

Climate change is one of the main risks we are facing worldwide. According to the

Intergovernmental Panel on Climate Change [1] “Climate change refers to a change in the state

of the climate that can be identified by changes in the mean and/or the variability of its properties

and that persists for an extended period, typically decades or longer”. It means a change of climate

caused by human activity that modifies the composition of the global atmosphere and is observed over

comparable time periods [2]. For the World Bank (WB, henceforth) and Inter−American Development

Bank (IDB, henceforth), climate change includes changes in the variability of the weather, these are

jointly represented as changes in the extremes of the weather, such as a greater number of rainfall

events, bringing floods or droughts [3]. To reinforce this idea, the [1] has pointed out that changes are

already occurring not only in terms of frequency and severity of the hydrological events, but also in

their geographical location [4]. That is why the United Nations Environment Program [5] initiated an

investigation to align the financial system to sustainable development needs. The changes observed are

connected to growths in the areas affected by droughts, in the number of events causing floods, and in

the duration and intensity of certain kinds of tropical storms. Drought-related disasters are also rising,

with 3.5 times as many in the past decade, in comparison with 1970–1979. Moreover, the frequency of

heat-related disasters has increased 10-fold compared with the 1970s [6].
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In relative terms, drought is defined as a negative pluviometric anomaly, which is intense and of

sufficient duration to produce social effects. Droughts are, therefore, natural in origin. The complexity

of the phenomenon, the geographical and temporal limits of which are hard to determine, make it

difficult to have a consensus on the definition [7–9]. In addition, droughts vary depending on the

geographical location and the context [10]. The ambiguity of the term also gives rise to certain confusion

and overlap between the concepts of drought (temporary and natural), water deficit (temporary and

anthropic), and scarcity (permanent and anthropic) [11]. Moreover, we should also take into account

an operational definition, used for the development of prevention and mitigation strategies, in order to

identify the phenomenon in terms of its frequency, severity, and duration for a given return period [8].

The level of impact of a drought is also related to the ways in which societies manage water resources

and in which develop strategies to cope with these events [9].

Within a well-defined spatial and temporal framework, [12] differentiate four categories of

droughts: meteorological drought (decrease in rainfall), agricultural drought (reduction in soil

humidity), hydrological drought (reduction in the availability of surface and underground water

sources), and socioeconomic drought (reduction of water availability with regard to existing demands).

Recently, this widely accepted classification has been considered insufficient as it is approached from

a human-centered perspective. Thus, a new category named ecological drought has been added to

emphasize the ecosystems and ecosystem services consequences of a drought event [13]. However,

so far, interest in droughts is usually due to its socioeconomic aspects (impact, damage, loss), which are,

in turn, tied to other complex concepts such as vulnerability and perception [14]. Ref. [15] stated that

over the next 30 to 90 years, southern Africa, the United States, southern Europe, Brazil, and southeast

Asia will suffer from an increasing drought severity. Particularly, it is highlighted that in a world

warmer by 4 ◦C, precipitation is greatly reduced in the Caribbean, Central America, Central Brazil,

and Patagonia, between 20% and 40%. It is expected that the drought conditions increase more than

20%. It is estimated that limiting warming to 2 ◦C will reduce considerably the risk of drought, a 1%

increase in days with drought conditions in the Caribbean and a 9% increase in South America.

Some regions in Brazil, particularly the semi−arid north-east, are suffering from continuous

droughts; producing devastation to some agricultural, livestock, and industrial producers.

The intensification of extreme droughts in Brazil has promoted the interest among natural resource

managers, farmers, development practitioners, researchers, and policymakers to understand the extent

to which climate change will impact water resources, food production, incomes, and livelihoods [16].

However, the UK Parliamentary Office of Science and Technology and the Stern report [17] point out

that one of the main challenges is “convincing” businesses that climate change is actually happening

and will impact in their activities [18]. Most of the existing literature focuses on agriculture as the most

sensitive economic sector to the correlated risks tied to natural disasters, but other sectors are also

affected, such as the financial one. In practice, such catastrophic events have led some microcredit

providers to ration credit [19] or to restructure loans before they have occurred.

In this regard, a useful tool to show the economic impact on different listed companies or sectors

is through conducting an event study analysis. In this paper, we attempt to analyze the financial

perceptions on hydrological risk, particularly caused by the recent, most severe drought registered in

the past 50 years in Brazil. For this purpose, we examine the reaction of the Brazilian agri-food sector,

listed in the BOVESPA [20] stock market.

The research is structured as follows. The next section, corresponding to Section 2, explains the

data and sample. Section 3 explains the methodological approach. Section 4 develops the research

design, Section 5 presents our main findings, and Section 6 summarizes the main conclusions.

2. Literature Review

Ref. [21] analyzed the impact of earthquake affecting the Umbria region in Central Italy (1997)

on the tourism sector. By using an event study, they found a reduction of arrivals through the whole

event window, particularly evident in the Assisi district where the “missing arrivals” exceeded by 50%
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the value forecasted by the model for that period. Ref. [22] studied the impact of Hurricane Floyd on

the market value of insurance firms, determining how financial markets reacted to changing news

about the storm’s characteristics through the insurer stock prices. They demonstrated that the market

value of insurance firms is significantly affected by such catastrophic events; however, this effect is not

constant, nor is it always negative on each day of the cycle. Ref. [23] also ran an event study to assess

the impact of the tsunami in the financial markets by using the CAPM (Capital Asset Pricing Model);

the analysis shows that stock markets were almost insensitive to this event. They highlighted a general

increase in the long-term market risk of thirteen industrial portfolios in four countries that were directly

affected. They conclude that there was no major wealth destruction for equity investors as a result of

the Boxing Day tsunami, in line with the findings of [24]. Ref. [25,26], postulate that rare and extreme

events influence financial markets’ risk premiums. Finally, they believe that the observed effects are

more likely to involve region-specific issues, as shown by [27,28]. Ref. [29] analyzed the impact of the

oil spills disasters on the corporate reputation of a sample of oil and gas companies, listed on New

York Stock Exchage (NYSE). By using an event study, they demonstrated that reputational risk arises

depending on the investors’ perception that the company may incur losses in the future as a result

of a possible negligence concerning such environmental disasters. Ref. [30] examined the US market

reaction to ISO 14001 certification announcements. They carried out an event study analysis on a

sample of 140 announcements, in order to assess if the new deal between companies and environmental

care could be particular important for shareholders, more specifically, in manufacturing, finding a

negative impact on the stock returns. Moreover, they proved that the shareholder wealth was reduced

due to these certifications announcements. Ref. [31] used an event study method to assess how the

stocks of listed companies reacted before and after announcing their partnership with the Unites

States Environmental Protection Agency (USEPA) Climate Leaders program. The results suggest that

these firms’ public announcements of joining the USEPA Climate Leaders partnership did not have

a positive impact on stock returns. While this study demonstrated no immediate financial benefit

from the practices implemented by these firms to reduce their greenhouse gas emissions, it may still

bode well for long-term corporate earnings and attractiveness to investors, in line with the findings

of [32]. Ref. [33] analyzed the stock market’s reaction to information disclosure of environmental

violation events (henceforth, EVEs). Using the methodology of event study, daily abnormal return

(AR) and accumulative abnormal return (CAR) are calculated within different event windows in order

to examine the extent to which the stock market responds to such EVEs. Their findings revealed

that the average reduction in market value is much lower than the estimated changes in market

value for similar events in other countries, demonstrating that the negative environmental events of

Chinese listed companies currently have a weak impact on the stock market. The authors think it

is due to the weak implementation effectiveness of the Chinese law system, making investors have

a low expectation of the legal impact of such events in the future. This study raises the concerns of

environmental conservation to the emerging economies and highlights the need to strengthen up

government regulations as well as to improve the effectiveness of law implementation and penalty.

To our knowledge, the literature on the effects of droughts on financial markets is almost nonexistent,

so this paper contributes to enrich the existing literature of natural disasters (earthquake, tsunamis,

hurricanes, floods, etc.).

3. Data and Sample

We have selected some of the companies listed in the industrial index (INDX) of the Brazilian

stock market (BOVESPA). This index is formed by 150 companies; most of the important ones, in terms

of market capitalization, belong to the agri-industrial and livestock sector and the segment of processed

food, which are sensitive to the potential consequences of the drought events. The sample is presented

in Table 1:
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Table 1. Sample of agri-food companies.

Ticker Company Weight (%) Main Activity

BRFS3 BRF SA 20
Operational holding: frozen foods: meat

and derivatives.

JBSS3 JBS 7.56 Frozen foods: meat and derivatives.

CSAN3 COSAN 1.6
Sugar production, alcohol, ethanol,

combustible distribution

MDIA3 M.DIASBRANCO 1.11
Production and sale of wheat flour, sponge cakes,

margarine, snacks, etc.

MRFG3 MARFRIG 0.85
Production and distribution of meats

and derivatives.

SMTO3
SAO

MARTINHO
0.71 Production and sale of sugar and derivatives.

BEEF3 MINERVA 0.4 Production and sale of pork meat, poultry, etc.

The percentages represent the participation weight in the BOVESPA stock market index, being the BRF SA the most
representative stock with 20% out of the total weight.

Brazil is the third-largest agricultural exporter in the world and one of the major producers of

soybeans, sugar, orange juice, maize, cotton, chicken, meat, and pigs, representing approximately

6% of the country′s GDP. Although the total agricultural land area has remained stable since the

mid-seventies, production has increased by nearly 300% due to technological innovation. However,

the severe drought (2015) that occurred in the north-east is considered one of the worst in the past 100

years [34], in terms of water availability. On 3 February 2015, the Food and Agriculture Organization’s

(FAO) Chairman, Ms. Jose Graziano da Silva, announced officially the drought declaration and its

consequences for the agricultural sector (see Table 2).

Table 2. Event description. Source: LexisNexis® Academic.

Event Date Operational Loss Event Description

FAOAnnouncement 3 February 2015 $4300 MM

Brazil risks a massive loss of crops of
all kinds of agricultural products,
which will generate an increase in

prices in the next months.

In order to run the event study analysis, we have selected all companies belonging to the processed

food segment in the industrial index of BOVESPA. The daily stock prices, the market value, and the

index quotes have been obtained from Thomson Reuters Data Stream. A detailed description of the

event has been collected from Reuters verified via LexisNexis® Academic.

4. Methodological Background

Originally introduced by [35,36] in two respective seminal papers, the use of event studies has

become widespread in recent financial and accounting research. The event study methodology is based

on the Efficient Market Hipothesis [37] that states that asset prices reflect all available information.

If markets are efficient then new information is reflected quickly into market prices. Thus, stock prices

trade at their fair value. There are three levels of market efficiency:

• Weak-form efficiency: stock prices reflect all historical information published.

• Semi-strong-form efficiency: stock prices fully reflect all past public information as well as recent

public information available.

• Strong-form efficiency: stock prices reflect public and unpublicized or “insider” information.
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Under the Efficient Market Hipothesis (EMH), any piece of information regarding the firm is

supposed to be reflected in the stock prices. Conceptually, event study technique differentiates

between the expected returns obtained in the case the event would not have occurred—normal returns,

NR—and the returns arising from the event—abnormal returns, AR [29].

Thus, the abnormal return ARit is calculated as the difference between the actual return Rit of a

stock and the normal or expected return NRit:

ARit = Rit − NRit (1)

The normal returns are calculated following the market model [38] as a benchmark.

Thus, the normal or expected returns of stock “i” on day “t” are estimated by ordinary least squares

(OLS) as follows:

NRit = α̂i + β̂iRmt (2)

where

NRit the normal return of a stock “i” is at time “t”.

Rmt is the market index;

α̂i and β̂i are the parameters estimated by OLS, using 250 trading days prior to the event window.

According to [39], and assuming there are N listed firms in the sample, we can draw a matrix of

abnormal returns, denoted by
∑

, as

∑

=


















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
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
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
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
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










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
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

(3)

Each column of this matrix represents a time series of abnormal returns for firm “i”, whereas each

row is a cross-section of abnormal returns for each day within the event window (T1, T2). In order

to examine the stock reactions around events, each firm’s return data could be analyzed separately.

Such analysis is usually improved by averaging the information over the whole sample, given rise to

the average abnormal return (AAR):

AAR =
1

N

∑N

i = 1
ARit (4)

Ref. [40] also suggest studying the cumulative abnormal returns (CAR), calculated within the

event window, by aggregating ARit from T1 to T2:

CARi =

T2
∑

t = T1

ARit (5)

Finally, in event studies, CARi’s usually aggregated over the sample cross-section, giving rise to

the cumulative average abnormal returns (CAAR):

CAAR =
1

N

N
∑

i = 1

CARi (6)
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The last step of the event study methodology is to test the statistical significance of the observed

stock prices changes in order to assess they are not random. For this purpose, we carry out both

parametric and nonparametric tests following [39–41]. Parametric test statistics are based on a standard

t-test of difference between two means. Since nonparametric tests do not rely on the assumption of

normality, they are more reliable than the parametric ones.

5. Research Design

For designing this research, we have defined three event windows, including the event date,

E1(−40,+40), E2(−20,+20) and E3(−5,+5), that is, from 5, 20, and 40 days, before and after, the drought

announcement; in other words, 81, 41, and 21 days for each event window, respectively. Existing research

shows that shorter event periods provide better and more accurate estimations of the impact of the

disclosures on the stock prices since the likelihood of confounding factors not related to the event

decrease. Later, we estimated the abnormal returns for each particular event window as well as the

corresponding cumulative abnormal returns for the sample of agri-food firms.

The first step was to calculate both the sample daily stock returns and the Brazilian market index

(BOVESPA) returns by applying natural logarithm [42,43]:

Rit = ln

(

Pit

Pit−1

)

(7)

where

Pit is the price of the firm’s stock i at day t.

Pit−1 is the price of the firm’s stock i the day before.

Once the observed returns for both the sample companies and the BOVESPA index were calculated,

we estimated the corresponding expected returns by using ordinary least squares for 250 trading days,

about a year of trading prior to the event window (see Equation (2)). Reaching this point, we calculated

the stock’s abnormal returns (ARit) following the Equation (1).

In Table 3, we summarize the average of abnormal returns for each Brazilian company within the

corresponding event window. We find much higher negative returns in the shorter event window

E(−5,+5) in comparison with the largest ones. In the last column of the table, we calculated the mean

of the abnormal returns for the whole sample in each event window. Note that the mean for E(−5,+5)

is around double that for the E(−20,+20) and E(−40,+40), indicating the higher impact of the event in

the very short term.

Table 3. Average abnormal returns (AAR) for Brazilian companies.

Event Window BRFS3 JBSS3 CSAN3 MDIA3 MRFG3 SMTO3 BEEF3 Average

E(−40,+40) −0.3% 0.28% −0.09% −0.03% −0.50% −0.13% −0.38% −0.14%
E(−20,+20) −0.09% 0.17% 0.02% −0.06% −0.71% −0.05% −0.10% −0.12%

E(−5,+5) 0.20% −0.04% −0.19% −0.48% −0.76% −0.56% −0.41% −0.32%

Then, we drew the
∑

matrix (see Equation (3)) for the whole sample, which summarizes the

abnormal returns of the seven companies analyzed for each event window. Moreover, we have also

calculated the average abnormal return (AAR), the cumulative abnormal returns (CAR), and the

cumulative average abnormal returns (CAAR), following the Equations (4)–(6), respectively.
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At this point, we ran a normality test by using Anderson−Darling (AD) test since it requires

smaller samples than the Kolmogorov–Smirnov (KS) test to achieve sufficient statistical power [44].

As in our case seven companies were analyzed, the Anderson−Darling test is then more appropriate.

Therefore, we have conducted the AD test on the average abnormal return (AAR) for the event windows

E(−40,+40), E(−20,+20), and E(−5,+5), and the normality assumption is not rejected, as the following

Probability-Probability (P-P) plots illustrate (see Figure 1):

 

 

− − −

− − −

𝐻଴  =  𝐸ሺCAARሻ  =  0𝐻ଵ  =  𝐸ሺCAARሻ ≠ 0

− − − − −
− − − − −
− , − − − −

α

Figure 1. P-P plots for E(−5,+5), E(−20,+20), and E(−40,+40).

After checking the normality assumption, it was time to test the significance of the cumulative

abnormal returns. For this purpose, we first applied the parametric t-test [45–48]. The traditional t-test

relies on the normality assumption of abnormal returns. The null hypothesis is that stock prices do

not react to the drought announcement. Assuming that the abnormal returns are independent and

identically distributed, the statistic follows a Student’s distribution.

The use of nonparametric test provides a double-check of the robustness of the parametric test

results [49]. In this sense, we used both the sign test [50–52] and the Wilcoxon test [53,54]. The sign

test is a binomial test which calibrates if the frequency of abnormal positive residuals is equal to 50%.

To apply this test, we calculated the proportion of values in the sample that shed no negative AR’s

under the null hypothesis. The null value is estimated as the average fraction of stocks with no negative

AR′s in the estimation period. If AR’s are independent, under the null hypothesis, the number of

positive abnormal return values follows a binomial distribution. The Wilcoxon test considers both the
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sign and the magnitude of abnormal returns. This test assumes that none of the absolute values are

the same and each is non-zero. Under the null hypothesis, the probability of positive and negative

abnormal returns is equal.

6. Finding and Results

As mentioned in the previous Section, a parametric test (t-test) was first conducted to study

the reactions of the agri-food Brazilian companies to the draught announcement for the three event

windows, E(−40,+40), E(−20,+20), and E(−5,+5). The idea behind this is to test if the mean of the

CAARs is equal (null hypothesis, H0) or different to zero (H1), that is

H0 = E(CAAR) = 0 (8)

H1 = E(CAAR) , 0 (9)

Table 4 summarizes the results obtained from the parametric t-test:

Table 4. T-test on cumulative average abnormal returns (CAARs).

Variable Mean t-Value p-Value 95% CI

CAAR (−5,+5) −0.01877 −3.22 0.009 (−0.03174; −0.00580)
CAAR (−20,+20) −0.03529 −13.00 0.000 (−0.04078; −0.02981)
CAAR (−40,+40) −0.0664 −15.58 0.000 (−0.07488; −0.05791)

Setting the specific confidence level (95%), we observe that the p-values are smaller than our

choice of significance α (0.05), so we can reject the null hypothesis H0, accepting H1 for all the event

windows. As a consequence, we find a statistically significant abnormal behavior produced by the

draught announcement. In the following Figures 2–7, we illustrate those results of the t-test (95%)

by using the corresponding histograms and P-P plots. It is easy to infer that the null hypothesis,

represented by the dot H0, is rejected for all the estimation windows, since the mean of CAARs is

located far from it.

 

 

−

−

−

Figure 2. t-Test histogram of CAAR for E(−40,+40).
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Figure 3. t-Test P-P plot of CAAR for E(−40,+40).
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−Figure 4. t-Test histogram of CAAR for E(−20,+20).
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Figure 5. t-Test P-P plot of CAAR for E(−20,+20).
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Figure 6. t-Test histogram of CAAR for E(−5,+5).
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Figure 7. t-Test P-P plot of CAAR for E(−5,+5).

After applying this parametric test, we also conducted two nonparametric tests in order to

reinforce our research: The sign test and Wilcoxon test. The results of both tests are shown below,

in Table 5 for Sign Test and Table 6 for Wilcoxon Test, respectively:

Table 5. Sign test on CAAR.

Variable Median
Achieved

Confidence

Confidence Interval
p-Value

Lower Upper

CAAR
(−5,+5)

−0.02808

93.46% −0.03816 0.00194

0.02795.00% −0.03819 0.00206
98.83% −0.03852 0.00346

CAAR
(−20,+20)

−0.03683

94.04% −0.04879 −0.02584

0.00095.00% −0.0488 −0.02558
97.25% −0.04883 −0.02437

CAAR
(−40,+40)

−0.07515

92.46% −0.08821 −0.06133

0.00095.00% −0.08841 −0.06047
95.45% −0.08847 −0.06024
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Table 6. Wilcoxon test on CAAR.

Variable Median p-Value Achieved
Confidence

Confidence Interval

Lower Upper

CAAR (−5,+5) −0.0178 0.029 95.5% −0.0347 −0.0015
CAAR (−20,+20) −0.035 0.000 95.0% −0.0414 −0.0297
CAAR (−40,+40) −0.0677 0.000 95.0% −0.0787 −0.0572

When running the sign test, since the statistic is discrete, the specified confidence level (95%) was

not always achieved, so, in Table 5, three confidence intervals appear depending on the achievements.

Since the p-value is smaller than the significance level α (0.05), we can conclude that the difference

between the median and the hypothesized median of CAAR is statistically significant, thus rejecting

the null hypothesis H0.

Following the same reasoning that in the previous test, for the three event windows, the p-value is

smaller than the significance level α (0.05), so we also reject the null hypothesis H0; accepting that the

median of CAARs differs from the hypothesized one.

Reaching this point, we split the original sample into two main subsamples, just to check if there

was a potential different impact of the drought event between nonperishable (BRFS3 and JBSS3) and

perishable firms (CSAN3, MDIA3, MRFG3, SMTO3, BEEF3). In the following charts (see Figures 8–10),

we have drawn the corresponding CAARs for each subsample, as well as the full sample, to illustrate the

existence of higher negative impact on the perishable dataset, independently of the event window used.
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Figure 8. CAARs for the event window (−5,+5).
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Figure 9. CAARs for the event window (−20,+20).
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Figure 10. CAARs for the event window (−40,+40).

From a statistical point of view, in order to compare the different impact of the drought event in

the two subsample distributions we focus on the comparison of means. The two-sample t−test [55]

was then used to determine whether the two-sample means are equal or not. The null hypothesis is

defined as H0: µ1 − µ2 = 0, indicating that the difference between the means, in terms of CAARs, of the

two subsamples (nonperishable versus perishable one) is equal to 0. On the contrary, the alternative

hypothesis states H1: µ1 − µ1 , 0. In Table 7, we summarize the results of the t-test.
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Table 7. Summary of T-test on CAARs subsamples.

E(−5,+5) N Mean StDev SE Mean t-Value DF p-Value

CAARs
nonperishable

11 0.0201 0.0185 0.0056
6.42 19 0.000

CAARs perishable 11 −0.0344 0.0211 0.0064

E(−20,+20) N Mean StDev SE Mean t-Value DF p-Value

CAARs
nonperishable

41 −0.0029 0.0189 0.003
9.42 75 0.000

CAARs perishable 41 −0.0482 0.0243 0.0038

E(−40,+40) N Mean StDev SE Mean t-Value DF p-Value

CAARs
nonperishable

81 0.0315 0.0245 0.0027
20.17 109 0.000

CAARs perishable 81 −0.1056 0.0561 0.0062

Since the p-value is 0.000, which is less than the significance level of 0.05, we can reject the null

hypothesis and conclude that the CAARs of the two subsamples are statistically different for each of the

event windows. Note that the mean of CAARs for the perishable subsample remains negative within

the three event windows, whereas the mean of CAARs for the nonperishable subsample appears to be

positive in two of the three event windows, that is, in E(−5,+5) and E(−40,+40). We can also infer this

idea by using the following charts (see Figures 11–16):
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Figure 11. Individual plot CAARs event window E(−5,+5).
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Figure 12. Boxplot CAARs event window E(−5,+5).
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Figure 13. Individual plot CAARs event window E(−20,+20).
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Figure 14. Boxplot CAARs event window E(−20,+20).
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Figure 15. Individual plot CAARs event window E(−40,+40).
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Figure 16. Boxplot CAARs event window E(−40,+40).

7. Conclusions

In this paper, we examine how sensitive is the BOVESPA stock market to the worst drought

occurred in the last 100 years in Brazil, particularly analyzing the impact of the official announcement on

a sample of seven main agri-food listed companies. For this purpose, we carry out a standard short-term

event study by using three event windows: ±40, ±20 and ±5 days. After applying both parametric and

nonparametric tests, we confirm the existence of statistically significant negative cumulative abnormal

returns around the drought official announcement within the three event windows. The highest impact

was obtained for the narrowest window, that is, five days before and after the event date, around twice

the decline observed for wider windows. Particularly, we observe daily abnormal returns under this

mean in three of the companies analyzed, which operate in the frozen food sector, whereas the rest

of firms register significant abnormal returns above this threshold. In other words, the impact of the

drought announcement affects even more negatively those companies that sell perishable products

versus nonperishable ones. To our knowledge, the literature on the effects of droughts on financial

markets is almost nonexistent, so this paper contributes to enrich the existing literature of natural

disasters (earthquake, tsunamis, hurricanes, floods, etc.). In this regard, we highlight the sensitivity of

the BOVESPA stock market to the hydrological risk as well as the complexity of the consequences of

climate change in terms of risk perceptions for investors. The results of this study point out the negative

impact in terms of cumulative abnormal returns suffered by the agri-food firms as evidence to the next

droughts that can be approximate and even intensified in the mid-term. So, shareholders and investors

should be aware of the specific risk they face when investing in the agri-food sector, not only in Brazil

but also in other Latin American countries, where there is a high degree of probability to see increasing

drought severity and extent over the next 30 to 90 years. As with the majority of studies, the current

study is subject to limitations since we exclusively focus on the short-term effects of the official drought

announcement. In order to capture longer-term effects of the drought, alternative methodologies

could be applied, such as the buy-and-hold abnormal return (BHAR) approach and the Jensen’s alpha

approach, so this limitation is seen as an opportunity to be addressed in a future research.
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Abstract: The purpose of this study was to understand the impact of tourism development on the

sustainable development of Tingxi Reservoir. Based on tourism impact theory, 804 questionnaires were

statistically validated and analyzed, followed by a semi-structured interview with five respondents,

and finally examined by a multivariate verification method. The study found that not only did

development fail to raise land and housing prices, develop leisure activities, improve medical facilities,

and supplement police manpower, but it also increased consumer costs and environmental damage.

There were also problems such as insufficient interpreters, parking and rest facilities, and ineffective

management of communication channels, bicycle facilities, and tourist waste, which did not help

youths to return to their hometowns. Furthermore, due to the disparities in the performance

of leisure opportunities, medical and health care, spatial planning, and cultural development,

there were different opinions among the stakeholders. Suggestions: (1) Satisfy the needs of different

stakeholders; (2) Improve the environmental literacy of tourists and provide more garbage cans;

(3) Develop additional scenic spots to divert tourists; (4) Stabilize prices and attract investment from

enterprises; and (5) Increase the participation of residents in community development to supplement

industrial manpower.

Keywords: multifunctional water source area; ecotourism, people with different stakeholders;

balanced decision-making

1. Introduction

Tingxi Reservoir was built in 1956 as an artificial lake in Tong’an District, Xiamen City, Fujian

Province, China. In addition to providing water storage and irrigation, the surrounding area features

diverse natural ecology, rich catches, numerous cultural sites, Song dynasty porcelain, and historical

relics [1], so the nearby villages are striving to build and develop tourism resources in order to improve

development and realize the goal of revitalizing the village economy. The area has now become a

lake and water resource area with a variety of functions including water storage, drinking water,

flood control, power generation, irrigation, aquaculture, art, culture, archaeology, fishery, livestock,

hot springs, and forestry resources [2], as shown in Figure 1. It is estimated that it attracts 777,800 visitors

each year, and it has set a record of 1,013,300 visitors in seven days, generating US$34,146,000 in

revenue [3], which shows the effectiveness of tourism development.
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Cultural Conservation-Tingxi Kiln Site (AD 960-1279)

Hydroelectric power plant - 1760 KW
Water storage capacity-84.7 million cubic meters

Reservoir fishing ground fish-carp, grass carp, crucian 
carp, silver carp

SPA - hot spring resorts, hot spring hotels

Restaurants, grocery stores

Tingxi Protection Forest Farm

Qiange Village

Gukeng Village

 Figure 1. Distribution map of the tourism resources at Tingxi Reservoir.

However, policy decisions affect the direction and effectiveness of tourism development [4,5].

While local development can bring positive improvements in the living standards of the people and

environmental sanitation, it can also have negative effects [6,7], destroying existing environments

or cultures. In addition, tourism development can bring about changes. Overall, the impact of

development can be explored from three levels: economic, social, and environmental [8,9].

The construction of the reservoir source area is not only to provide livelihood and industrial

development, but also to bring economic improvement to the local village after proper planning.

However, changes in the economic level may have positive and negative effects. Basically, we can

get a comprehensive answer from the perspective of the cost of living, business development,

economic infrastructure, village development, etc. [10,11]. However, researchers believe that economic

development can promote business interaction, increase local tax revenue, and provide funds for

improving local public facilities. Therefore, we focused on the cost of living, industrial construction,

and community development as the main direction of investigation, and then carried out an in-depth

exploration of the development status of local medical care, employment, wages, consumption,

construction, industry, facilities, prices, concessions, sanitation, cultural and creative industries,

rewards, leisure activities, community feedback, and policy coordination [10–13], so that we can

understand the actual extent of changes caused by development to the economy.

The construction of a reservoir is tantamount to altering the appearance of an existing ecological and

human habitat on a large scale. Although moderate destruction can create better living conditions and

bring about social stability, the rights of the original villagers to survive will be sacrificed. According to

previous studies, sustainable development should take into account the needs and expectations of

the local villages and people. Therefore, the impact of the reservoir development on the society is

relatively diversified, and we should be able to understand the needs of the local people by looking at

tourism facilities, community development, living atmosphere, culture and customs, fire prevention

and security [10,14], etc. However, the unique culture and customs of local villages provide an image

of stability to the people, so that they can live in a pure and simple manner, stabilizing their living
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conditions and reducing the occurrence of security incidents. Furthermore, local development is based

on the premise of improving the local community and people’s lives to create a better living environment.

Therefore, with the village development, living atmosphere as well as culture and security as the main

directions of investigation, we then looked into issues such as local reputation, quality of services

and activities, policy participation, tourism organization planning, tourism indicators, cultural and

architectural characteristics, security maintenance, community construction, interaction among people,

and youth returning to their hometowns [14–17], through which we believed that we could see how

development has changed the villages.

Reservoir development changes the existing natural environment and ecology to achieve the

original purpose of reservoir construction and improve people’s livelihood and economy, but at

the same time, it affects the entire society and creates a conflict between local social benefits and

losses, but more importantly, it changes the original natural and ecological environment. Therefore,

from the analysis of tourism facilities and natural ecology [10,11,14], it should be possible to get

a full picture of the impact of development on the environment. However, development not only

causes changes in the appearance of the water source area, but also in the current state of local

human and ecological development. Furthermore, construction is a type of change and should be

a change for the better, to better meet the needs of human beings and to make the existing natural

landscape and ecology more sustainable. Therefore, from the perspective of conservation measures,

leisure environment, tourism facilities, landscape and ecological environment, we can look into

issues such as public transportation, parking and open space, Internet communication, monuments

and buildings, residents’ environmental awareness, visitors’ environmental quality, garbage volume,

forest and ecological habitat, motor vehicle fumes, water source, and air quality [14–21], which is

helpful to understand the impact of development on the existing environment.

The current development of water sources is moving toward a multifunctional development

and management concept based on sustainable development. However, change can be tangible or

intangible, and with the accumulation of time [12,13], the most realistic feelings of long-time residents

can be recorded with their eyes and body perceptions [10–15]. As a matter of fact, however, it is not

objective to describe the merits of development decisions from a single perspective, although the

residents’ perceptions may present the most realistic picture. This is because development not only

aims at preserving the original functions and maintaining the existing appearance, but also aims at

making the original facilities or resources more valuable and satisfying more human needs [11,22].

After all, the number of natural, socio-cultural, and economic resources needed to be obtained, and the

level of consideration are different for different positions and roles [14,23]. For existing residents,

development is expected to improve their quality of life by improving economic conditions, sanitation,

transportation, and medical facilities, but they do not want to destroy their original living style and

environment [24]. For tourists, water source areas are one of the most attractive tourism resources due

to their ecological diversity and the differences in the customs and cultures of existing villages [11],

and fulfilling their psychological needs through tourism [12,25] will satisfy tourists and strengthen

their tourism and consumption behaviors. It can be seen that both the residents and tourists expect the

development of water resource areas to be effective, but they are afraid of the gap between the results

and their expectations.

In order to strike a balance, the current tourism research and development should be considered

from the perspective of both residents and tourists. As development is aimed at improving local

conditions, and tourism development is aimed at attracting tourists and boosting the local economy [6],

it takes time to prove the effectiveness of development, and policymakers need the assistance of

residents in order to achieve success. Therefore, the most effective way to understand the development

process and its effectiveness is to conduct a review with the residents as the subject [6,26]. However,

development is the betterment of the existing predicament, while tourism development hopes to attract

tourists to travel and spend, in order to achieve the purpose of boosting the economy, increasing people’s

income, raising revenue, and improving the quality of life of the villages and people [24]. Therefore,
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the more time tourists spend on in-depth tourism, the more the desire and opportunities for consumption

can be stimulated. It shows that the effectiveness of tourism development should be based on the

needs and feelings of residents and tourists [11,14].

Taken together, a certain degree of tourism development in Tingxi Reservoir can satisfy the

needs of both residents and visitors, but it can also lead to rejection. By conducting a survey based

on environmental issues such as the community environment, the villagers’ environmental literacy,

preservation of historical sites, awareness of ecological conservation, coordination of conservation

policies, maintenance of tourist trails and bicycle lanes, tourism transportation planning, Wi-Fi network

speed, bicycle rental, community modernization and scale, rest and parking space, experience

of tourism activities, water and air quality, fumes from steam and locomotives, mountain slope

development, etc. can be determined [14–20]. Social issues can be identified such as tourism visibility,

quality of services and activities, content of community activities, friendly treatment of village culture,

tourism indicators or descriptions, tourism and leisure facilities, human resources, DIY activities,

hardware and software facilities, tourism environment and space quality, indigenous cultural traditions

and historical relics, the image of tourism companies or organizations, the promotion of traditional

cultural activities, the interaction mechanism between villagers and tourists, the number and popularity

of traditional culture and characteristic industries, the management and safety maintenance of activities,

the allocation of service or management personnel, the sense of travel security, the willingness to

travel again, etc. [10,14–17]. Economic issues such as employment and entrepreneurship opportunities,

tourism activity prices, tourism consumption costs, increased tourism facilities and local characteristic

industrial products, tourism diversification, provision of explanatory guides, increase leisure and

life consumption options, obtain promotion or priority use rights, and expand community tourism.

Through the scale of development, the quality of public facilities construction and maintenance, the

quality of medical and health services, the communication channels between the community and the

government, the protection policies of the local tourism industry, the mechanisms and norms involved

in formulating tourism development policies, the development of DIY or product portfolios, etc.,

it should be possible to obtain the feelings of both sides and to explore the most in-depth issues to

obtain a balanced view for future decision-making [10,11,14,24].

Until now, however, the majority of reservoir and lake studies have been conducted from

the perspective of residents [27–29], while fewer have been conducted from the perspective of

tourists [30–32], and even fewer have been conducted from the perspective of both residents and

tourists [33,34]. Most of the studies that focus on Tingxi Reservoir are about water quality and ecology,

water flow, water quality, and power generation [35–37], and almost no scholars have focused on

tourism issues. Therefore, the researchers believed that by examining the current tourism development

of Tingxi Reservoir from the perspective of residents and tourists, the latest and most realistic answers

could be obtained for the reference of local organizations and people. The purpose of this study was to:

(1) understand residents’ awareness of the current tourism development of Tingxi Reservoir; (2) explore

tourists’ awareness of the current tourism development of Tingxi Reservoir; and (3) analyze the

difference in awareness between residents and tourists on the tourism development of Tingxi Reservoir.

2. Methods and Instruments

2.1. Study Framework and Hypotheses

The literature finds that most studies on reservoirs and lakes are conducted from the perspective

of residents [27–29], while the research conducted from the perspective of tourists [30–32] is rarely

conducted, from the perspective of residents and tourists. There is even less discussion [33,34].

Most of the research on Tingxi Reservoir involves water quality and ecology, water flow, water quality

and power generation [35–37], and almost no scholars pay attention to tourism issues. Therefore,

the researchers believe that the latest development results and dilemmas can be obtained by examining

the tourism development status of Tingxi Reservoir from the perspective of residents and tourists.
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We sought to collect the experiences of two different groups including residents and tourists on

the tourism development of Tingxi Reservoir, point out the current problems, and make suggestions for

improvement. The research methods and tools were determined according to the existing information

of the case and the relevant literature on the reservoir [1,2,35,36] and the lake and other tourism

development issues [3–34]. By applying tourism impact theory and combining the opinions of residents

and visitors [10,11,14,16,21,38], we used methods of surveys, interviews, and observations to collect

research information [39], and then by comparing and verifying the data [40], we used induction,

organization, and analysis sequences to construct this paper [16], in order to obtain correct and

reasonable information to revise the development plan of Tingxi Reservoir. As shown in Figure 2.

 

H2

H1

H3

Tourists

Different stakeholders

Residents

Economic Development Status

Environmental Development Status

Social Development Status

 
Figure 2. Study framework.

According to the research framework, we propose the following hypothesis:

Hypothesis 1. There is consistency in the recognition of current economic development among different stakeholders.

Hypothesis 2. There is consistency in the recognition of current social development among different stakeholders.

Hypothesis 3. There is consistency in the recognition of the current status of environmental development

among the different stakeholders.

2.2. Study Procedure and Instruments

Tourism development needs to be considered in a multi-faceted way and the impact of tourism

development is more complicated nowadays [6,10,12]. More detailed answers can be obtained

through comprehensive surveys [10,11,14,24,28]. Therefore, the authors first reviewed the theories

and literature on tourism development [3–32], interpreted the research results [38,39], compiled a

60-question questionnaire on the current status of tourism development, and then discussed with

experts and scholars to complete the outline of the questionnaire, which was divided into two parts:

background information and tourism development. In addition to the background information on

issues such as identity, gender, age, and occupation, tourism development included 57 issues: economy

(15), society (21) and environment (21), as shown in Table 1.
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Table 1. Initial questionnaire issue preparation.

Level Issue Content
Number of
Questions

Background Identity, gender, age 1–3

Economic

Increase employment opportunities

4–18

Enhance in consumer prices for tourist activity content
Enhance in tourism consumption expenditure costs

Tourism development to increase tourism facilities and
local characteristic industrial products

More diversified tourism industry categories
Provide interpretive guides during travel or services for

the use of amusement facilities
Increase the choice of tourist, leisure and life

consumption opportunities
Get opportunities for promotion or preferential use of

local tourist facilities
Enhance scale of community tourism development
Public facilities and construction and maintenance

quality promotion
Tourist consumption health and service

quality promotion
Establish communication channels between the

community and the government
Establish protection policies for local tourism

development, to prevent monopoly by consortia
Mechanisms and norms that can participate in the

formulation of tourism development policies
Develop DIY or product portfolio or creative products to

enhance tourists’ willingness to spend

Society

Enhance tourism visibility

19–39

Enhance the quality of tourism services and activities
Enhance understanding of the content of community

sightseeing activities
More treasure the community environment of

tourist destinations
Sufficient introduction to local tourism related indicators

or descriptions
Provide more choices of local tourist and leisure facilities

More young people are employed locally
Increased opportunities to participate in local

DIY activities
Improving the establishment of hardware and software

facilities in local communities
Tourism environment and space quality enhance
Indigenous cultural traditions and historical sites

are preserved
Good image of local tourism-related industry business

or organizations
Intensive promotion and development of traditional

cultural activities
To feel friendly and trust the local residents

Nice interaction among tourists, and between tourists
and residents

Increased number and visibility of traditional culture
and industries

tourist activity management and safety maintenance
quality enhance

Sufficient number of fireman and police, security officer
Have a sense of security during leisure travel

Willing to travel here again
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Table 1. Cont.

Level Issue Content
Number of
Questions

Surroundings

The community’s natural environment is
maintained cleaner

40–60

The environmental literacy concept of the villagers is
good, do not throw away trash

Historic buildings are preserved
Willing to attach importance to and participate in the

conservation of local natural ecology
Willing to cooperate with environmental protection

announcement slogans or manuals, care for
the environment

The tourist trail has a complete appearance and
smooth movement

The bicycle lane facilities are well preserved and
circulation is best

Public transportation construction is helpful for personal
travel round trip

Wireless Wi-Fi online provides tourist and travel
information inquiry

It is convenient to rent bicycle facilities and
location planning

To feel smooth when moving in transportation or
round trip

Increase in the size of community construction area and
the number of facilities

Sufficient planning of parking and pavilion
leisure facilities

Tourist will affect the quality of the local
natural environment

Increase leisure and experience space in tourist tours
The local water source is polluted

Local air quality is nice
Good quality of water for people’s livelihood in tourist
The development area of hillside vegetation and forest

land in the village increased
The artificial landscape area increased

Emission intensive of fumes from car and motorcycle
during tourism

Except for background information, all issues were measured on a 5-point Likert-type scale,

with 1 indicating strongly disagree and 5 indicating strongly agree. The questionnaire was first

compiled by referring to the relevant literature, then reviewed by three experts for content validity,

and 50 questionnaires were distributed. The results were analyzed using SPSS 22.0 statistical software

and then tested with statistical methods. When Kaiser–Meyer–Olkin (KMO) > 0.06 and the p-value of

the Bartlett test was less than 0.01 (p < 0.01), the scale was suitable for continuous factor analysis [40].

A coefficient α greater than 0.60 indicates that the questionnaire has good reliability [41]. The results of

the analysis are shown in Table 2.
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Table 2. Analysis of the Tingxi Reservoir Tourism Development Perception Questionnaire.

Construct Subfacet Issues Cronbach’s α

Economic

People’s livelihood price
1. Increase employment opportunities

0.618–0.6542. Enhance in land and house prices
3. Enhance in expenditure costs

Industry construction

1. Combination of local characteristic industries

0.809–0.815

2. Increase tourism industry
3. Increase interpretation facilities
4. Increase leisure opportunities
5. Preferential tourism facilities
6. Increase tourism construction

Society

Community development

1. Maintain complete public facilities

0.774–0.783

2. Enhance medical and health standards
3. Establish community communication channels
4. Develop protection policy settings
5. Participate in tourism policy planning
6. Develop creative products

Village construction

1. Enhance tourism visibility

0.756–0.786

2. Improve the quality of tourism services
3. Participate in community tourism affairs
4. Actively clean up the community environment
5. Sufficient instructions for local tourism
6. Increased selection of leisure facilities

Atmosphere of life

1. Youth return to their hometowns for development

0.699–0.728

2. Industry to contribute to local development
3. Improve the living environment
4. Improve the quality of tourist activities
5. Protect the indigenous culture

Environment

Cultural safety

1. Best image of foreign consortia

0.847–0.856

2. Development of traditional cultural activities
3. Tourists feel friendly
4. Best interaction among residents
5. Invest in the indigenous cultural industry
6. Enhance community self-government management
7. Sufficient fireman and police, security officer
8. Have a sense of security in life
9. Willing to travel again or buy a property in the local area

Conservation measures

1. Clean community environment

0.748–0.783

2. Do not throw away trash by tourists
3. Complete preservation of historical sites
4. Participation in nature conservation
5. Public environment awareness of environmental literacy

Leisure environment

1. Complete tourists trails

0.781–0.800

2. Perfect bicycle lane management
3. Public transportation facilitates tourism
4. Wi-Fi online coverage
5. Cheap bicycle rental
6. Complete transportation facilities

Tourist facility

1. Increased facility construction area

0.675–0.715
2. Adequate parking and leisure facilities
3. Environmental quality affected by tourists
4. Adequate personal living space

Economy (15) had a KMO > 0.940, a Bartlett approximate χ2 value of 2386.692, and a degree

of freedom (df) of 105 with a significance of 0.000 (p < 0.001), making it suitable for factor analysis.

Explained variances for the scale were 18.72%, 14.509%, and 14.491% for a total explained variance of

47.72%. All these were retained after factor analysis and taking into account the understanding of

the actual state of economic development. The three areas were named: people’s livelihood price (3),

industrial construction (6), and community development (6). They contained a total of 15 questions

and the three scales were 0.729, 0.838, and 0.810, respectively.

Society (21) had a KMO > 0.943, a Bartlett approximate χ2 value of 3303.559, a degree of

freedom (df) of 210, and a significance of 0.000 (p < 0.001), thus making it suitable for factor analysis.

Explained variances of the scale were 15.187%, 15.094%, and 11.783%, for an overall explained variance
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of 42.064%. All these were retained after factor analysis and taking into account the understanding

of the actual situation of social development. Three areas were named: village construction (6),

atmosphere of life (5), and cultural safety (9). In total, they contained 21 questions with three scales of

0.807, 0.756, and 0.864, respectively.

The environment (21) had a KMO > 0.950, a Bartlett approximate χ2 value of 3658.093, a degree

of freedom (df) of 210, and a significance of 0.000 (p < 0.001), making it suitable for factor analysis.

Explained variances in the scale were 16.495%, 14.142%, 9.245%, and 7.665%, respectively, for a total

explained variance of 47.546%. All of these were retained after factor analysis and taking into account

an understanding of the physical conditions of environmental development. The four areas were

named: Conservation Measures (5), Leisure Environment (6), Tourism Facilities (4), and Landscape

and Ecological Environment (6). They contained a total of 21 questions with three scales of 0.799, 0.817,

0.748, and 0.779, respectively.

Subsequently, the researcher went to the local area to conduct fieldwork in October 2019,

but due to the impact of the COVID-19 epidemic, the questionnaire sample collection process and

effectiveness were affected. The questionnaire was collected from November 2019 to May 2020. Initially,

the questionnaires were collected on site by random sampling, and later, the questionnaires were

collected through an online platform in a snowballing fashion, and a total of 804 valid questionnaires

were collected. The data were collected and analyzed using the SPSS for Windows 22.0 statistical

package in order to statistically check the reliability of the questionnaire issues and analyze the results

using descriptive and t-test analysis. Interviews were subsequently conducted to supplement missing

information. With the consent of the interviewees, a semi-structured design and open-ended interviews

were conducted with five interviewees including tourism practitioners, residents, and academics who

had experience in traveling to Tingxi Reservoir or had some knowledge of the current development of

the reservoir. Researchers interacted by video, taking the results of the questionnaire analysis as the

topic, in order to solicit their opinions on the results of the questionnaire. As shown in Table 3.

Table 3. Background information of the interviewees and outline of the interview.

Identity Gender
Residence Time/Years

of Work Experience
Identity Gender

Residence Time/Years
of Work Experience

The elderly Male 25 Tourist guide Male 40
The elderly Female 30 Tourist guide Female 25
Professor Male 15

Construct Issues

Impact of
tourism development

1. What impact does tourism development have on the economic, social, and environmental
development of the community?

2. According to research and investigation, what causes the impact of economic, social and
environmental issues?

After collecting the opinions of the interviewees, we recorded the interview content and then asked

the interviewees to verify the accuracy of the recorded content. The information from the questionnaire

was then integrated, and the results were analyzed, and the research paper was constructed with the

order of induction, organization, and analysis [16]. The information from the questionnaire was then

integrated, and the results were analyzed, and the research paper was constructed with the order of

induction, organization, and analysis [16]. Finally, using the multivariate verification and analysis

method and combining information from different research subjects, research theories and methods to

examine multiple data from multiple viewpoints and to compare the results of various studies [38,40],

accurate knowledge and meaning were obtained in order to examine the current situation of promoting

tourism development in Tingxi Reservoir.
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2.3. Study Scope and Limitations

The study aimed to investigate the current tourism development of Tingxi Reservoir by applying

a mixed-method research approach using the reservoir as a location, surrounding villages as the range,

and local residents and people who had traveled to the reservoir as subjects.

The initial phase of the study began in October 2019, but due to the extensive study area,

the research team was unable to complete the sample collection immediately as there were limitations

in manpower, resources, and funding during the study period, and the outbreak of COVID-19 in

December 2019 further delayed the sample collection process, which took a total of seven months.

Although the online questionnaire platform was adopted to collect the information, it was limited

by the willingness of the respondents and their proficiency in using 3C products, which led to the

shortcomings of the information collected by the researcher. Summing up the above explanations, it is

unlikely that more comprehensive information can be obtained due to the limitations of the sample

background. If this resulted in any discrepancy in the study, it will be taken into consideration for

further study.

3. Analysis of Results

A total of 804 samples were obtained. Results showed that most of the sample subjects were

residents (67.7%), while only 30.8% were tourists. Most of the samples were from females (75.9%),

with males accounting for the least (24.1%). Most of the respondents were aged 21–30 (67.2%),

followed by those under 20 years old (20.4%), and the least were aged 51 or above (1.7%).As shown in

Table 4.

Table 4. Descriptive characteristics of the participants.

Identity

Identity Percentage Age Percentage

Residents 69.7% Under 20 20.4%
Tourists 30.8% 21–30 67.2%

Gender Percentage 31–40 6.7%

Male 24.1% 41–50 2.2%
Female 75.9% 51–60 1.7%

Over 61 1.7%

3.1. Cognitive Analysis of Economic Development

The questionnaire was revised with reference to previous literature [3–32] where a score of 1 means

strongly disagree and 5 means strongly agree. First, the perceptions of residents and tourists were

investigated by statistical tests; next, the t-test was used to analyze the differences in perceptions among

different stakeholders; then the respondents’ perceptions were combined, and finally, a multivariate

test was used to explore the differences [16,38,40].

The perceptions of the residents and tourists of the current economic development were analyzed,

as shown in Table 5. Results showed that residents and visitors agreed only on increasing job

opportunities and construction, land, and depressed prices, but disagreed on the rest.
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Table 5. The perceptions of residents and tourists of the current economic development.

Facets Highest M Lowest M

Residents

People’s livelihood price Increase employment opportunities 3.86
Land and housing prices are rising

Enhanced expenditure costs
3.69

Industry construction Enhanced tourism construction 3.87 Increased leisure opportunities 3.68

Community development Participate in tourism policy planning 3.88
Enhanced medical and

health standards
3.71

Tourists

People’s livelihood price Increase employment opportunities 4.04
Land and housing prices are rising

Enhanced expenditure costs
3.74

Industry construction Enhanced tourism construction 3.96 Enhanced interpretation facilities 3.77

Community development Developing creative products 4.03
Establish community

communication channels
3.78

The inference is that since the government has been actively improving the public infrastructure

and utilizing the natural resources of the area to attract investment, it is hoped that this will bring

business opportunities and create jobs. Although many villages have been preserved and are suitable

for rural and eco-tourism activities, the hinterland of Tingxi Reservoir is large, the industries in

the surrounding villages are highly similar, and the population is aging, resulting in poor overall

development planning. As a result, residents believe that although there are more opportunities for

employment, tourism construction, and participation in tourism development policies, the leisure

options are low, the medical and health conditions are poor, and the consumption conditions have

not improved.

The diverse nature of the local ecology has created abundant tourism resources and brought

different travel experiences. With the existing resources and culture, the development of handicraft

products and agricultural products could attract tourists to spend money. However, although the

hinterland can be developed and the infrastructure upgraded, there is a shortage of manpower in the

industry due to the obvious trend of aging. As a result, tourists believe that development can help

increase job opportunities, develop creative products, increase leisure options, and maintain a low

consumption level. Nevertheless, due to the sparse population, there is a lack of interpretive facilities,

and communication channels in the scenic spots are poor.

In summary, residents and visitors agree that the government’s interest in tourism development

has resulted in improved local infrastructure, stimulated industrial operations, business opportunities

for the villages, and increased employment opportunities, but perhaps imperfect overall development

decisions have also resulted in low land prices and low consumer willingness in most areas. In addition,

the aging population, shortage of manpower, lack of tourism facilities, and high similarity of industries

have led to a divergence of views.

Further exploring the differences in the perceptions of the impact of economic development

among different stakeholders, we found that there were significant differences (p < 0.001) in the issues

of leisure opportunities and health care standards, indicating that different stakeholders had different

views on the increase in leisure opportunities and the current development of health care standards,

as shown in Table 6.
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Table 6. An analysis of the differences in the cognition of the current economic development among

different stakeholders.

Issue
Residents Tourists

T p-Value
M SD M SD

People’s livelihood price
Increase in employment opportunities 3.86 0.841 4.04 0.724 4.792 0.029

Land and housing prices are rising 3.69 0.939 3.74 0.809 7.901 0.005
Enhanced expenditure costs 3.69 0.928 3.78 0.763 9.035 0.003

Industry construction

Local characteristic industry combination 3.71 0.946 3.85 0.797 9.692 0.002
Enhanced tourism construction 3.75 0.854 3.91 0.788 6.143 0.014

Enhanced interpretation facilities 3.72 0.774 3.77 0.840 0.079 0.779
Increased leisure opportunities 3.68 0.963 3.96 0.747 23.521 0.000 *

Tourist facility discounts 3.75 0.817 3.82 0.763 4.026 0.045
Enhanced tourism construction 3.87 0.812 3.90 0.730 5.721 0.017

Community development

Complete maintenance of public facilities 3.78 0.794 3.91 0.742 3.777 0.053
Enhanced medical and health standards 3.71 0.912 3.89 0.797 10.742 0.001 *

Establish community communication channels 3.74 0.781 3.78 0.760 1.082 0.299
Development and protection policy settings 3.75 0.830 3.86 0.773 3.131 0.078

Participate in tourism policy planning 3.88 0.820 3.92 0.764 4.351 0.038
Developing creative products 3.86 0.878 4.03 0.784 3.562 0.060

* = p < 0.001.

It is inferred that due to the ecological diversity of Tingxi Reservoir, the village is rich in tourism

resources and agricultural specialties, but the similarity between existing tourism resources and

industries is high, making it less attractive to tourists and unable to meet the changing tourism needs.

In addition, due to the inconvenient transportation and the aging population, the local medical resources

are only sufficient to meet the needs of tourists, and not residents. As a result, different stakeholders

have different views on leisure opportunities and the current development of medical and health care

facilities. As shown in Figure 3.

 

Qiange 
Village

Gukeng 
Village

Residents
Effectiveness:
1. Employment opportunities
2. Tourism construction
 3. Participate in tourism development policy 
opportunities
Disadvantage:
1. Poor leisure options
2. Insufficient medical and health resources
3. Poor consumption conditions

Tourists
Effectiveness:
1. Employment opportunities
2. Develop creative products
 3. enhance leisure opportunities
Disadvantage:
1. The communication channels in scenic 
area are insufficient.
2. Interpretation facilities are insufficient.

 3. Poor consumption conditions.

Different Stakeholders
enhance leisure opportunities(0.000*)
Medical and health standards(0.001*)  

* = p < 0.001. 

Figure 3. Perception analysis of the current economic development.

3.2. Cognitive Analysis of Social Development

The perceptions of residents and tourists on the impact of social development were first investigated

separately, as shown in Table 7. The results showed that residents and tourists shared the same views

on the residents’ initiative to clean up the community environment, the youths’ low willingness to

return to their hometowns, and the shortage of police and fire safety personnel, but differed in all

other aspects.
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Table 7. The perceptions of the residents and tourists of the current social development.

Facets Highest M Lowest M

Residents

Village construction
Participate in
community

tourism affairs
3.94

Increased choice of
leisure facilities

Actively organize the
community environment

3.80

Atmosphere of life
Improve the living

environment
3.89

Youth back to the
country development

3.73

Culture safety Feel safe in life 3.87
Sufficient fireman and police,

security officer
3.68

Tourist

Village construction
Increased choice of

leisure facilities
3.94

Actively sort out
community environment

3.84

Atmosphere of life
Industry gives back to

local development
3.94 Youth back to the country 3.75

Culture safety
Development of

traditional cultural
activities

3.93
Sufficient fireman and police,

security officer
3.63

It is inferred that, since improving local conditions, enhancing safety and well-being, and meeting

people’s expectations are the development goals of the policy, combining the existing resources

and residents’ manpower to jointly promote tourism development, attract tourists to spend money,

and promote the village economy is the expectation for the development of remote areas. However,

the vast expanse of rural areas is not easy to develop and manage, resulting in a declining population,

a lack of mobility for the elderly, and a shortage of human resources, creating a manpower gap

in the industry, which affects investment intentions and reduces job opportunities. As a result,

residents believe that the development will help improve their living environment, give them a sense

of security, and increase their opportunities to participate in community tourism activities. However,

residents are not willing to participate in community development, there are few leisure facilities to

choose from, there is a lack of police and fire safety manpower, and young people are not willing to

return to their hometowns for career development.

The natural ecological richness of the water source area makes the village very attractive to tourists.

The government is willing to build tourism facilities and improve the local community environment to

encourage investment from enterprises. However, in the early stages of development, job opportunities

were scarce, forcing young people to look for jobs elsewhere. In addition, villagers rely on traditional

industries to make a living, and the high workload, coupled with the aging of the population, makes it

impossible to meet the demand for manpower for industrial development and community maintenance

in villages or scenic areas. As a result, tourists believe that after development, the industry can give

back to the local community and promote traditional cultural activities to increase the choice of

recreational facilities, but the residents have a low awareness of community development, resulting in

a low willingness of young people to return to their hometowns for development and a shortage of

police and fire safety officers.

Further exploring the differences in perceptions of the impact of social development among different

stakeholders revealed that there were significant differences (p < 0.001) on the issue of traditional

cultural activities, indicating that different stakeholders had different views on the effectiveness of the

development of traditional cultural activities, as shown in Table 8.
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Table 8. Analysis of the differences in perceptions of social development status among

different stakeholders.

Issue
Residents Tourists

T p-Value
M SD M SD

Village construction

Enhance tourism visibility 3.92 0.862 3.91 0.823 3.113 0.078
Improve the quality of tourism services 3.85 0.858 3.86 0.739 4.493 0.035

Participate in community tourism affairs 3.94 0.827 3.87 0.743 1.903 0.169
Actively sort out community environment 3.81 0.928 3.84 0.808 5.848 0.016

Sufficient tourist pointer 3.84 0.909 3.79 0.766 4.175 0.042
Increased choice of leisure facilities 3.81 0.833 3.94 0.761 4.393 0.037

Atmosphere of life

Youth back to the country 3.73 0.995 3.75 0.926 2.068 0.151
Industry gives back to local development 3.79 0.865 3.94 0.752 5.079 0.025

Improve the living environment 3.89 0.828 3.93 0.740 4.708 0.031
Enhance the quality of sightseeing activities 3.80 0.909 3.92 0.793 7.156 0.008

Protect the indigenous culture 3.88 0.845 3.91 0.811 0.654 0.419

Culture safety

best image of foreign business 3.75 0.890 3.76 0.741 7.019 0.008
Development of traditional cultural activities 3.78 0.892 3.93 0.744 15.780 0.000 *

Tourists feel friendly 3.79 0.828 3.79 0.779 2.352 0.126
best interaction among residents 3.81 0.882 3.80 0.788 5.969 0.015

Invest in unique cultural industries 3.82 0.878 3.88 0.720 9.088 0.003
Community autonomy management rises 3.74 0.869 3.83 0.740 8.944 0.003

Sufficient fireman and police, security officer 3.68 0.919 3.63 0.821 3.271 0.071
Feel safe in life 3.87 0.812 3.80 0.739 2.932 0.088

Willing to travel or buy a local 3.79 0.776 3.80 0.846 0.341 0.560

* = p < 0.001.

As a result of technological and civilizational advances and the evolution of lifestyles, it is inferred

that traditional village culture and customs, which allow visitors to experience the characteristics of

ancient civilizations, have become a special tourist image and attraction. However, the culture and

customs of the villages have been with the inhabitants for their entire lives, and although they have a

unique culture, they still need the construction and knowledge of modern civilization and technology

to improve the quality of life of the inhabitants. This has led to different views on the effectiveness of

traditional cultural activities among different stakeholders. As shown in Figure 4.

 

Qiange 
Village

Gukeng 
Village

Residents
Effectiveness:
1. Improve the living environment
2. Feel safe in life
3. Opportunities to participate in community tourism affairs
Disadvantage:
1. Residents take the initiative to organize community 
awareness
2. Youth's willingness to back country for development
3. Police, firemen and Security Officer manpower

Tourists
Effectiveness:
1. Industry giving back local
2. Promote traditional cultural activities
3. Choice of Leisure facilities
Disadvantage:
1. Residents take the initiative to organize 
community awareness
2. Youth's willingness to back country for 
development
3. Police, firemen and Security Officer manpower

Different Stakeholders
Promote traditional cultural activities(0.000*)  

* = p < 0.001. 

Figure 4. Perception analysis of current social development.

3.3. Cognitive Analysis of Environmental Development

The views of residents and tourists on the impact of environmental development were analyzed

separately, as shown in Table 9, and it was found that residents and tourists only agreed on the

wide coverage of a Wi-Fi network, good air quality, and not littering from the tourists, while the rest

were different.
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Table 9. Perception of the current state of environmental development by residents and visitors.

Facets Highest M Lowest M

Residents

Conservation measures Historic monuments are kept intact 3.95 Tourists do not throw away garbage 3.78
leisure environment Wide Wi-Fi online coverage 3.87 Bicycle rental is cheap 3.63

Tourist facility Environmental quality is affected by tourists 3.95 Sufficient personal living space 3.69
Landscape and

ecological environment
Best air quality 3.93 Pollution of water quality 3.63

Tourist

Conservation measures Participate in nature conservation 3.97 Tourists do not throw away garbage 3.73

leisure environment
Public transport helps travel
Wide Wi-Fi online coverage

3.93 Perfect bicycle lane management 3.79

Tourist facility Sufficient personal living space 3.91 Adequate parking and leisure facilities 3.81
Landscape and

ecological environment
best air quality 3.90 Car and motorcycle oil fume pollution 3.67

It is inferred that the government’s commitment to construction, improving the efficiency of the

nation’s Internet, advancing technology, civilization and quality of life as well as preserving the natural

ecology and environment and protecting village culture and historical buildings has helped this area

become a major tourist attraction. However, the influx of tourists attracts huge business opportunities,

and local business owners try to inflate prices to seek huge profits; in addition, the hinterland is vast,

construction funds are limited, and the existing parking facilities cannot meet the demand; moreover,

the spending power of tourists has increased dramatically, but the quality is difficult to control, and the

amount of garbage is large, which affects the environment. Therefore, residents believe that after

development, historical monuments are preserved intact, Wi-Fi network coverage is wide, and the

water and air quality is good, but the amount of garbage and environmental quality is affected by

tourists, bicycle rental is expensive, and their living space is insufficient.

Since air quality, clear water sources, and a beautiful natural environment are the main appeal of

Tingxi Reservoir, the government is willing to invest in upgrading Internet services and improving

transportation. The residents are willing to work together to protect the natural ecology in order to

attract tourists and improve the economic situation. However, crowds are booming, the amount of

tourist waste is increasing, and the environmental literacy of tourists varies. In addition, due to the

vast land area and the lack of funds for village construction, the existing bicycle facilities and parking

space planning cannot meet the needs of a large number of tourists. As a result, tourists think that after

development, there is a high level of participation in nature conservation, that public transportation

facilitates tourism, the Wi-Fi network coverage is wide, personal living space is sufficient, there are few

vehicles, air quality is good, but that tourists litter, bicycle lanes are not well managed, and parking

rest facilities are insufficient.

The differences in perceptions of the impact of economic development among different stakeholders

were found to be significant (p < 0.001), indicating that different stakeholders had different perceptions

of the current status of living space planning and development, as shown in Table 10.
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Table 10. Analysis of the differences in awareness of the current state of environmental development

among different stakeholders.

Issue
Residents Tourists

T p-Value
M SD M SD

Conservation measures

To clean community environment 3.91 0.792 3.88 0.769 0.163 0.687
Tourists do not throw away garbage 3.78 0.869 3.73 0.757 3.736 0.054
Historic monuments are kept intact 3.95 0.834 3.94 0.776 4.227 0.040
Participate in nature conservation 3.92 0.786 3.97 0.760 1.512 0.220

Public cognition of environmental literacy 3.87 0.772 3.92 0.746 0.387 0.534

Leisure environment

Complete tourist trail 3.86 0.854 3.84 0.762 1.814 0.179
Perfect bicycle lane management 3.74 0.950 3.79 0.788 4.282 0.039

Public transport helps travel 3.80 0.931 3.93 0.769 6.832 0.009
Wide Wi-Fi online coverage 3.87 0.772 3.93 0.800 0.186 0.666

Bicycle rental is cheap 3.63 0.882 3.88 0.800 4.883 0.028
Perfect transportation line facilities 3.86 0.816 3.85 0.757 0.888 0.346

Tourist facility

Increased facility construction area 3.88 0.767 3.87 0.727 0.462 0.497
Adequate parking and leisure facilities 3.74 0.869 3.81 0.834 2.084 0.150

Environmental quality is affected by tourists 3.95 0.846 3.88 0.785 1.377 0.241
Sufficient personal living space 3.69 0.834 3.91 0.730 10.397 0.001 *

Landscape and
ecological environment

Pollution of water quality 3.63 0.893 3.77 0.766 7.078 0.008
best air quality 3.93 0.807 3.90 0.758 0.592 0.442

Vegetation forest land has been developed 3.81 0.858 3.81 0.767 3.656 0.057
Destroy the original habitat 3.77 0.823 3.87 0.773 3.531 0.061

Car and motorcycle oil fume pollution 3.82 0.817 3.67 0.838 0.167 0.683

* = p < 0.001.

It can be inferred that while residents expected the development to bring economic growth,

increase their income, and improve their quality of life, the influx of tourists has taken over their living

space and affected their daily routines. Although there are few scenic spots in the villages and not

enough tourism infrastructure and industries to accommodate the huge number of tourists, visitors

still look forward to a comfortable environment and space away from the hustle and bustle of the

city, where they can relax both physically and mentally. Therefore, although the land is vast and the

environment is spacious, the definition of living space varies according to the conditions and needs of

individuals in different roles and positions. As a result, different stakeholders had different views on

the current situation of adequate personal living space. As shown in Figure 5.

 

Qiange 
Village

Gukeng 
Village

Residents
Effectiveness:
1.Historic monuments are kept intact
2.Wide Wi-Fi online coverage
3.Air quality
4.Water quality
Disadvantage:
1.Environmental quality is affected by tourists
2.Tourists do not throw away garbage
3.Bicycle rental is expensive
4.Insufficient personal living space

Tourists
Effectiveness:
1.Participate in nature conservation
2.Public transport helps travel
3.Wide Wi-Fi online coverage
4.Sufficient personal living space
5.Car and motorcycle oil fume pollution
6.Best air quality
Disadvantage:
1.Tourists do not throw away garbage
2.Bicycle lane management
3.Parking and leisure facilities

Different Stakeholders
Insufficient personal living space(0.001*)  

* = p < 0.001. 

 

Figure 5. Perception analysis of current environmental developments.
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4. Conclusions and Recommendations

4.1. Conclusions

Research believes that the current tourism development can help villages and residents around

the reservoir to obtain employment opportunities and construction, increase the residents’ willingness

to participate in policies, improve the quality of life and the environment, protect cultural and historical

relics, improve network information systems, and will not harm the air quality. However, it does

not help increase the land and housing prices, develop leisure activities, and improve conditions

for medical facilities, coupled with increased consumption costs, environmental damage caused by

tourists, and insufficient police and firefighting personnel, which does not help attract young people to

return to their homes.

Although development has enabled the region to obtain company resources, increase employment

opportunities, develop creative products, increase leisure options, promote traditional cultural

activities, increase people’s awareness of ecological protection, improve transportation and network

facilities, and maintain low consumption level, spacious area, good air quality, and ample living

space, which ttract tourists to travel and consume, however, the shortage of interpreters, parking and

entertainment facilities, poor communication channels, poor management of bicycle facilities and

waste management as well as the low awareness of participation of residents have led to insufficient

manpower and low consumption willingness of young tourists.

At present, different stakeholders have different opinions on the development effectiveness of

leisure opportunities, medical care, traditional cultural activities and residential space planning.

4.2. Recommendations

4.2.1. The resident population

It is necessary to emphasize tourism development, invest in tourism industry planning,

stabilize commodity prices, and bring in manpower to satisfy the tourism demand, in order to

alleviate hardship and attract young people to return home.

4.2.2. The tourists

It is necessary to improve personal environmental literacy, carry out waste separation, reduce the

production of tourist waste, and work together to protect the environment in order to preserve the

beautiful scenic environment.

4.2.3. The government

Invest funds in public facilities, provide channels for tourists to lodge complaints, develop scenic

spots to divert tourists, introduce enterprises and technologies to develop new industries, and train

interpretive talents to provide in-depth tourism services.

4.2.4. Research suggestions

It is suggested that the follow-up study should understand the travel behavior of tourists, analyze

the impact of development on the current leisure behavior of residents, investigate the tourism resource

potential of the reservoir, and finally discuss the impact of development on neighboring villages to

complete the relevant research information.
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Abstract: The proper management of urban public services (UPS) ensures that a territory functions

efficiently, since it guarantees optimal waste disposal, water supply, and the maintenance of

communication infrastructure, among other things. In areas of high urban density located close to

metropolitan cities, UPS are usually provided properly and efficiently. However, in less populated

territories, lying in the periphery, significant problems and deficiencies are often encountered,

being most evident in rural areas located on the administrative limits of a state or region. This paper

seeks to analyze the management of UPS in the internal border area between two Spanish regions,

Aragon and Catalonia. A total of 72 stakeholders (mayors and town clerks) from 49 river municipalities

were involved in this study that employs a quantitative methodology (questionnaire). The perception

that there are deficiencies to correct and a clear will to reach agreements and establish cooperation

mechanisms is detected in many of the municipalities in the border area. A clear need to cooperate is

also apparent in a series of priority UPS, including the promotion of river tourism, town access roads,

urban collective passenger transport, and environmental protection.

Keywords: urban public services; inter-administrative cooperation; border studies; internal borders;

river municipalities

1. Introduction

Urban public services (UPS) can be defined as those activities that meet citizen needs through

a physical system of the production, distribution, provision, and consumption of basic goods [1–3].

Many studies have influenced both the technical and economic importance afforded to UPS, which are

fundamental for the operation of cities [4–7] and which include the provision of resources and the

collection and disposal of waste [8,9], the distribution of energy and public lighting [10,11], and the

maintenance of communication and transport infrastructure [12,13]. Among them, water management

is a key element, being provided by means of various UPS: on the one hand, the supply and

distribution of drinking water [14–16] and, on the other, the sewage collection system [17]. Moreover,

a municipality’s urban policy is typically dependent on a combination of public, private, and mixed

UPS management. Indeed, while the ownership of the services remains public, there are many

instances around the world where municipalities prefer to outsource these services and privatize their

management to achieve greater efficiency [18,19].
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The proper planning of UPS provides citizens with a better quality of living. Here, the relationship

between the core and the periphery can take on particular importance. Thus, suburbs usually

experience complex problems related to a UPS deficit [20–22], and rural areas with low population

density likewise present problems of accessibility for UPS [23–26], typified by few transportation and

mobility resources [27,28]; an intermittent water supply system [29,30]; and scarce or remote health

facilities [31–33], schools [34,35], and police and fire stations [36,37]. Indeed, various studies propose an

enhanced distribution of UPS in rural areas based on a location-allocation approach using Geographic

Information System (GIS) techniques [38–41].

Policies to decentralize and improve accessibility to UPS are one of the challenges faced by

governance at different territorial levels, including border areas [42–47]. Such policies, as noted above,

are necessary in remote and rural areas. Furthermore, if these areas are located along national or regional

peripheral borders (i.e., external or internal borders, respectively), the outlook may be even worse in

the absence of both cordial relations and inter-administrative cooperation. Indeed, the “barrier effect”

can result in a testing situation for the administrations involved [48–50], making cooperation between

cross-border areas essential in such sectors as tourism [51–54], healthcare [55,56], and natural resource

management [57–59], among others. The policy of supra-state entities—most notably, the European

Union (EU)—has, in recent decades, worked in this direction—that is, the strengthening of cooperation

between states and a curtailing of the adverse effects of the classic border [60–65].

Inter-administrative cooperation is more readily addressed in internal border areas that form

part of the same state and which share common policies, such as UPS management. However,

cooperation is closely linked to the state’s internal policy of organization; for example, in most

decentralized states the barrier effect of the state’s internal borders tends to be more acute, as is the

case in Spain [66,67]. The need for the cooperative, shared management of UPS becomes essential for

proper spatial planning in territories located some distance from the metropolitan region and suffering

marked socioeconomic deficiencies.

The aim of this paper is to describe the role and determine the performance of UPS management

in a peripheral rural border area, and to explore and analyze the perceptions that stakeholders

have of inter-administrative cooperation between the border regions in the same decentralized state.

The border area we study here is differentiated at an administrative level between the Spanish regions

or Autonomous Communities of Aragon and Catalonia, yet the territory shares a common physical

environment (the basin of the river Ebro) and presents considerable potential for implementing

common objectives centered on the management of their UPS. A further aim of our study is that its

results might be taken into account by the corresponding administrations and practitioners so as to

create the appropriate instruments to solve existing deficiencies and to achieve greater efficiency in the

management of UPS.

In seeking to fulfil these aims, this paper (1) reports a quantitative study conducted in the

internal border area between two Spanish regions (Aragon and Catalonia); (2) identifies and analyzes

inter-administrative cooperation in the delivery of UPS using quantitative methods; and (3) proposes

future research on the issues addressed.

2. Materials and Methods

The present study is framed in the context of a broader research project, focused on the analysis of

different types of problem and conflict that have been generated in recent times (especially over the

last four decades) in the internal border area (IBA) between three Spanish Autonomous Communities:

Aragon, Catalonia, and the Valencian Community. The results of this research have been reported in a

number of studies conducted at different scales and focusing on different themes [68–70]. These previous

studies, based on the conducting of focus groups with public stakeholders (mayors and town clerks)

in the territory analyzed, conclude that, for a significant majority of the problems considered, it is

essential that cooperation be promoted between the autonomous administrations. The present article
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seeks to build on the findings of these earlier studies by employing a questionnaire as a valid and

rigorous methodology for collecting information about stakeholder perceptions [71–75].

While some of our previous studies have focused on the Catalonia–Valencian Community IBA,

the present study focuses solely on the Aragon–Catalonia IBA (ARCAT-IBA, Figure 1). This area, with a

border extending some 360 km, forms part of the Ebro basin and is characterized by its tributaries

that run from north to south (Noguera Ribagorçana, Cinca, Matarranya) and a sub-tributary (Algars),

which serve as the boundary. Specifically, a total of 57 border municipalities make up the ARCAT-IBA

(CM in Figure 1), with an additional 19 (SBM in Figure 1) which, due to their size and proximity, play a

secondary role in the border dynamics.

A questionnaire for the ARCAT-IBA public stakeholders (mayors and town clerks) was created

with five main objectives: (i) to determine their perception of the deficiencies in UPS management

as a result of the different regulations being operated in Aragon and Catalonia, respectively (Q1 in

Table 1); (ii) to identify the existence of any formal or informal mechanisms of cooperation being

employed by the Catalan and Aragonese administrations (Q2 and Q3 in Table 1); (iii) to appreciate

their willingness to strengthen inter-municipal cooperation in the management of UPS, so that the

citizens of ARCAT-IBA municipalities might access these services regardless of their origin (Q4 and

Q5 in Table 1); (iv) to identify instruments to correct the deficiencies detected (Q6 in Table 1); and,

finally, (v) to determine their perception of deficiencies at higher administrative levels (Q7 in Table 1).

The questionnaire was answered in person between January and June 2017, following focus group

sessions analyzed in previous studies devoted to water management [70]. Although there is evidence of

general problems affecting local government in Spain and UPS management (e.g., budget deficits and

shortages of administrative personnel), the questionnaire focuses on the specific problems attributable

to their condition as border municipalities. Note that Q5 refers to the UPS specifically listed in Spanish

regulations [76].

Table 1. Questionnaire used in this study (source: authors).

Q1: During your term of office as mayor or town clerk, have you encountered situations in which the
different regulations applied in Catalonia and Aragon have given rise to problems or difficulties of an
administrative nature?

Yes

No

Q2: Has the Town Council participated in any collaborative projects with neighboring municipalities that
belong to the other Autonomous Community?

Yes

No

Q3: Do you know of any joint cultural, social or political initiatives that have been taken between your
municipality and the border municipalities that form part of another Autonomous Community?

Yes

No

Q4: Do you think that there should be more cooperation between your municipality and the border
municipalities that form part of Catalonia/Aragon?

Yes

No

Q5: In which areas does cooperation (formal or informal) exist, and in which do you think cooperation
would be a good idea?
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Table 1. Cont.

UPS Competences
Cooperation

Cooperation Exists There Should Be Cooperation

Waste collection
Street cleaning
Town access roads
Paving and maintenance of public roadways
Public libraries
Selective waste collection
Civil defence
Social services
Sports installations
Urban collective passenger transport
Environmental protection
Municipal welfare (Administration)
Specialist social services (children, elderly, etc.)
Promotion of tourism (river tourism)
Police
Housing
Healthcare
Urban planning
Museums
Music conservatories
Nursery schools
Others

Q6: Do you think legal mechanisms should be put in place to somehow reduce the “negative” (that is,
unwanted, albeit legal) effects of the border?

No, it is not necessary

No, the agreements between the Autonomous Communities are sufficient

Yes, the way the rules are applied should be modulated in certain municipalities

Yes, the town councils should be able to activate/implement legal mechanisms

Yes, a special regime should be created, i.e., that of the “border municipality”

Yes, a consortium (partnership) should be created

Yes, an inter-municipal association of municipalities (mancomunidad) should be created

Yes. Other options

Q7: In your opinion, where do you think the different levels of public administration stand on the question
of cooperation between the border municipalities?

Administration Opposed Indifferent Favorable Other

Catalan Government (Generalitat)
Aragonese Government (Diputación General)
Catalan provincial councils
Aragonese provincial councils
Catalan county councils (comarcas)
Aragonese county councils (comarcas)

The study carried out presents a series of specific methodological characteristics: (i) to facilitate

comparison with our previous studies, the numbering given to the contiguous border municipalities

(CM) is respected (11–70 in Figure 1); (ii) the second buffer municipalities (SBM) (AA-I in Figure 1) are

those located adjacent to the CM and play a secondary role in the border dynamics, so are not included

in this study; (iii) as in previous studies, some border municipalities (DM in Figure 1) have been

discarded due to their secondary role in the border dynamics resulting from physical geographical

barriers or the extent of their border area; (iv) 8 of the 57 Catalan and Aragonese municipalities did

not participate (Table 2); (v) 72 stakeholders participated in our study by answering the questionnaire

(38 mayors and 34 town clerks), representing 57.1% of the potential stakeholders (Table 1); (vi) in most

municipalities, both stakeholders participated (mayor and town clerk), but in some only one of the two

participated: mayors only (11, 12, 36, 42, 45, 54, 57, 60, and 64 in Figure 1) and town clerks only (15, 25,

32, 35, 38, 39, 52, and 53 in Figure 1).
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Figure 1. Border municipalities between Aragon and Catalonia (source: authors).
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Table 2. Technical data of the questionnaires answered. Breakdown of the answers received in relation

to the total number of potential stakeholders (source: authors).

CAT AR
Total

TAR LED TER ZAR HUE

Nº % Nº % Nº % Nº % Nº % Nº %

M 4 66.7 10 50 6 100 2 40 16 80 38 56.7
TC 4 80 15 83.3 3 60 2 40 10 62.5 34 57.6

Total 8 72.7 25 65.8 9 81.8 4 40 26 72.2 72 57.1

CAT = Catalonia (Spanish Autonomous Community); AR = Aragon (Spanish Autonomous Community);
TAR = Tarragona (Province of Catalonia); LED = Lleida (Province of Catalonia); TER = Teruel (Province of Aragon);
ZAR = Zaragoza (Province of Aragon); HUE = Huesca (Province of Aragon); M = Mayors; TC = Town Clerks;
Nº = Number of responses; % = percentage of responses compared to potential responses.

3. Results

3.1. Perception of Deficiencies

Table 3 shows the responses to Q1, aimed at gauging the perception of possible deficiencies in

UPS management. The results confirm that, in the ARCAT-IBA, there is a majority perception (75%)

that the internal border is a problematic element from an administrative point of view that also affects

the UPS management. This perception is shared on both sides of the border.

Table 3. Answers obtained in Q1 (Source: Authors).

Q1: During your term of office as mayor or town clerk, have you encountered
situations in which the different regulations applied in Catalonia and Aragon have
given rise to problems or difficulties of an administrative nature?

Responses CAT % AR % Total %

Yes 25 75.7 29 74.4 54 75 *
No 8 24.3 10 25.6 18 25

Total 33 100 39 100 72 100

CAT = Catalonia (Spanish Autonomous Community). AR = Aragon (Spanish Autonomous Community).
(*) = Outstanding result.

3.2. Existing Formal or Informal Cooperation Mechanisms

As can be seen in Table 4, most of the responses (75%) affirm that their municipality has not

participated in the creation of cooperation mechanisms with the neighboring municipality on the

other side of the border. Thus, although there may be specific cases, cooperation mechanisms do not

proliferate between the border municipalities.

Table 4. Answers obtained in Q2 (source: authors).

Q2: Has the Town Council participated in any collaborative projects with
neighboring municipalities that belong to the other Autonomous Community?

Responses CAT % AR % Total %

Yes 8 25 10 25 18 25
No 24 75 30 75 54 75 *

Total 32 100 40 100 72 100

CAT = Catalonia (Spanish Autonomous Community). AR = Aragon (Spanish Autonomous Community).
(*) = Outstanding result.

Table 5 shows an unequal response on the two sides of the ARCAT-IBA: while most of the public

stakeholders in Catalonia (59.4%) state that there are no cultural, social, or political initiatives that have
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been taken between neighboring municipalities, more than half of the public stakeholders (52.5%) in

Aragon affirm just the opposite.

Table 5. Answers obtained in Q3 (source: authors).

Q3: Do you know of any joint cultural, social, or political initiatives that have been
taken between your municipality and the border municipalities that belong to
another Autonomous Community?

Responses CAT % AR % Total %

Yes 13 40.6 21 52.5 * 34 47.2
No 19 59.4 * 18 45 37 51.4

DK/NA 0 0 1 2.5 1 1.4
Total 32 100 40 100 72 100

CAT = Catalonia (Spanish Autonomous Community). AR = Aragon (Spanish Autonomous Community).
(*) = Outstanding result.

Thus, from the results shown in Tables 4 and 5, it can be concluded that there is an uneven

perception of cooperation between ARCAT-IBA municipalities, although most public stakeholders

claim to be unaware of the existence of formal or informal mechanisms. Most of the border area

municipalities between Catalonia and Aragon have a low population density, and their population

centers are often physically separated by very large distances. In addition, there are sometimes very

obvious surface differences in municipal area between both communities, as a result of a divergent

evolution of the administrative division. This means that, on many occasions, the perception of

interrelationships is different on both sides of the border area. In the discussion section, we examine

this issue in greater detail.

3.3. Willingness to Strengthen Inter-Municipal Cooperation in UPS

As can be seen in Table 6, the vast majority of public stakeholders (86.1%) believe that a scenario

of greater cooperation between the municipalities on both sides of the ARCAT-IBA would be positive.

Table 6. Answers obtained in Q4 (source: authors).

Q4: Do you think that there should be more cooperation between your municipality
and the border municipalities that form part of Catalonia/Aragon?

Responses CAT % AR % Total %

Yes 29 87.9 * 33 84.6 62 86.1 *
No 2 6.1 5 12.8 7 9.7

DK/NA 2 6.1 1 2.6 3 4.2
Total 33 100 39 100 72 100

CAT = Catalonia (Spanish Autonomous Community). AR = Aragon (Spanish Autonomous Community).
(*) = Outstanding result.

Table 7 shows interesting data because of its specificity regarding local and supralocal UPS

management competences based on Spanish regulations [76]. On the one hand, the results regarding

possible cooperation that already exists (Q5A in Table 7) show that, for most municipalities, there are no

mechanisms promoting joint cooperation in the management of UPS. However, it should be underlined

that the perception of existing cooperation is not so great on the Catalan side, while in Aragon there

is a greater awareness of specific agreements on competences such as healthcare and civil defence

(on these differences in perception, see the specific discussion in Section 3.2 above).
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Table 7. Answers obtained in Q5 (source: authors).

Q5: In which areas does cooperation (formal or informal) exist, and in which do you think cooperation would be a good idea? **

Local (L) and Supralocal (SL) UPS Competences
(Q5A) Cooperation Exists (Q5B) There Should Be Cooperation

C % A % T % C % A % T %

(L) Waste collection 3 10.0 3 7.7 6 8.7 6 20.0 13 33.3 * 19 27.5

(L) Street cleaning 2 6.7 2 5.1 4 5.8 4 13.3 6 15.4 10 14.5

(L) Town access roads 2 6.7 5 12.8 7 10.1 15 50.0 * 21 53.8 * 36 52.2 *

(L) Paving and maintenance of public roadways 2 6.7 4 10.3 6 8.7 11 36.7 * 13 33.3 * 24 34.8 *

(L) Public libraries 1 3.3 2 5.1 3 4.3 2 6.7 5 12.8 7 10.1

(SL) Selective waste collection 3 10.0 4 10.3 7 10.1 7 23.3 10 25.6 17 24.6

(L) Civil defence 1 3.3 9 23.1 * 10 14.5 14 46.7 * 17 43.6 * 31 44.9 *

(SL) Social services 0 0.0 5 12.8 5 7.2 7 23.3 15 38.5 * 22 31.9 *

(L) Sports installations 2 6.7 6 15.4 8 11.6 8 26.7 7 17.9 15 21.7

(L) Urban collective passenger transport 3 10.0 4 10.3 7 10.1 14 46.7 * 21 53.8 * 35 50.7 *

(SL) Environmental protection 1 3.3 3 7.7 4 5.8 17 56.7 * 18 46.2 * 35 50.7 *

(SL) Municipal welfare 1 3.3 2 5.1 3 4.3 5 16.7 6 15.4 11 15.9

(SL) Specialist social services 2 6.7 2 5.1 4 5.8 6 20.0 10 25.6 16 23.2

(L/SL) Promotion of river tourism 5 16.7 3 7.7 8 11.6 18 60.0 * 24 61.5 * 42 60.9 *

(L/SL) Police 2 6.7 2 5.1 4 5.8 14 46.7 * 12 30.8 * 26 37.7 *

(L) Housing 0 0.0 1 2.6 1 1.4 5 16.7 7 17.9 12 17.4

(SL) Healthcare 2 6.7 11 28.2 * 13 18.8 11 36.7 * 16 41.0 * 27 39.1 *

(L) Urban planning 0 0.0 0 0.0 0 0.0 12 40.0 * 8 20.5 20 29.0

(L) Museums 0 0.0 2 5.1 2 2.9 4 13.3 7 17.9 11 15.9

(SL) Music conservatories 2 6.7 3 7.7 5 7.2 3 10.0 6 15.4 9 13.0

(SL) Nursery schools 0 0.0 3 7.7 3 4.3 6 20.0 10 25.6 16 23.2

Others 0 0.0 0 0.0 0 0.0 2 6.7 1 2.5 3 4.3

C = Catalonia (Spanish Autonomous Community). A = Aragon (Spanish Autonomous Community). T = Total.
(*) = Outstanding result (Q5A > 20%) (Q5B > 30%). (**) =Multiple choice question. Based on 69 responses (30 in the
Catalan side and 39 in the Aragonese side). There are 3 blank responses.

On the other hand, there is a perception on both sides of the border that it would be positive to

enter into agreements to meet common management objectives in the delivery of several UPS (>50% in

Table 7): the promotion of river tourism (60.9%), town access roads (52.2%), urban collective passenger

transport (50.7%), and environmental protection (50.7%). A moderate level of support is also recorded

for cooperation in relation to the delivery of other UPS (>30% in Table 7), including civil defence

(44.9%), healthcare (39.1%), police (37.7%), the paving and maintenance of public roadways (34.8%),

and social services (31.9%). Interestingly, most of the UPS competences that achieve the greatest

agreement between both sides of the border are local in nature.

Overall, Table 7 highlights a significant number of results in support of cooperation (both in the

sense of recognizing its existence and in favor of its implementation) in the delivery of UPS. There is a

clear local perception that cooperation is needed; if a percentage of 30% can be considered a significant

indication in this regard, then obviously higher percentages cannot be ignored. In other words, there is

a clear perception in the case of certain UPS (town access roads, environmental protection, and the

promotion of river tourism) that cooperation mechanisms are essential to guarantee a cohesive and

efficient management of public services. It should, however, be borne in mind that, in relation to

certain competences, public stakeholders on one side of the border are more interested in cooperating

than are those on the other side. For example, in Catalonia they are more interested in cooperating

in urban planning (40% vs. 20.5%) and police (46.7% vs. 30.8%), while in Aragon there are calls for

greater cooperation in social services (38.5% vs. 23.3%) and waste collection (33.3% vs. 20%).
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3.4. Instruments to Correct Deficiencies in UPS Management

A wide variety of possible responses was presented to public stakeholders as administrative

solutions to correct deficiencies in UPS management (Table 8). On the Catalan side, the creation

of specific cooperation mechanisms in Spanish regulations (48.5%), the possibility of creating a

special entity or “border municipality” in Spanish local regulations (42.4%), and the activation and

implementation of cooperation mechanisms by the municipalities (39.4%) are seen as valid solutions.

On the Aragonese side, only the creation of a special entity attracted a significant degree of agreement

(46.2%), a solution that achieved the greatest support when considering stakeholders on both sides

of the border (44.4%). In contrast, other solutions that are frequently adopted at the Spanish local

level, such as consortiums (partnerships) or inter-municipal associations, are not seen here as effective

solutions for correcting deficiencies.

Table 8. Answers obtained in Q6 (source: authors).

Q6: Do you think legal mechanisms should be put in place to somehow reduce the “negative” (that is,
unwanted, albeit legal) effects of the border? **

Responses CAT % AR % Total %

No, it is not necessary 1 3.0 7 17.9 8 11.1

No, the agreements between the Autonomous
Communities are sufficient

1 3.0 3 7.7 4 5.6

Yes, the way the rules are applied should be
modulated in certain municipalities

16 48.5 * 11 28.2 27 37.5 *

Yes, the Town Councils should be able to
activate/implement legal mechanisms

13 39.4 * 10 25.6 23 31.9 *

Yes, a special entity should be created, i.e., that of
the “border municipality”

14 42.4 * 18 46.2 * 32 44.4 *

Yes, a consortium (partnership) should be created 0 0 3 7.7 3 4.2

Yes, an inter-municipal association of
municipalities (mancomunidad) should be created

3 9.1 5 12.8 8 11.1

Yes. Other options 3 9.1 0 0 3 4.2

DK/NA 0 0 2 5.1 2 2.8

CAT = Catalonia (Spanish Autonomous Community). AR = Aragon (Spanish Autonomous Community).
(*) = Outstanding result (>30%). (**) = Multiple choice question. Based on 72 responses (33 on the Catalan
side and 39 on the Aragonese side). Three responses were left blank.

3.5. Perception of UPS Deficiencies at Higher Administrative Levels

Table 9 shows the perceptions of public stakeholders regarding the stance taken by higher tiers of

administration (district or comarcal, provincial and regional) on the question of cooperation between

border municipalities. Most of the stakeholders do not perceive that the supralocal administrations

have adopted a position contrary to cooperation, but only those on the Aragonese side consider that

the Aragonese supralocal administrations (provincial and district, not regional) have been favorable

in their stance. On the Catalan side, the general feeling is that the entire supralocal administration

(be it district, provincial, or regional, regardless of which side of the border they are located) has been

indifferent to cooperation. Thus, opinions are only shared with regards as to what is perceived as

indifference on the part of the regional and provincial administrations to cooperation.
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Table 9. Answers obtained in Q7 (source: authors).

Q7: In your opinion, where do you think the different levels of public administration stand on the question of cooperation between the border municipalities? **

Responses Nº (%)
Opposed Indifferent Favourable Other

C A T C A T C A T C A T

Catalan Government (Generalitat) (R) 4 (12.9) 1 (3.2) 5 (8.1) 20 (64.5) * 22 (71) * 42 (67.7) * 5 (16.1) 7 (22.6) 12 (19.4) 2 (6.5) 1 (3.2) 3 (4.8)

Aragonese Government (Diputación General) (R) 6 (26.1) 4 (12.5) 10 (18.2) 14 (60.9) * 23 (71.9) * 37 (67.3) * 1 (4.3) 4 (12.5) 5 (9.1) 2 (8.7) 1 (3.1) 3 (5.5)

Catalan provincial councils (P) 2 (7.1) 0 (0) 2 (3.6) 17 (60.7) * 12 (42.9) 29 (51.8) * 8 (28.6) 15 (53.6) * 23 (41.1) 1 (3.6) 1 (3.6) 2 (3.6)

Aragonese provincial councils (P) 2 (8.7) 1 (2.9) 3 (5.3) 15 (65.2) * 10 (29.4) 25 (43.9) 5 (21.7) 22 (64.7) * 27 (47.4) 1 (4.3) 1 (2.9) 2 (3.5)

Catalan county councils (comarcas) (D) 2 (7.4) 0 (0) 2 (3.7) 17 (63.0) * 9 (33.3) 26 (48.1) 7 (25.9) 17 (63) * 24 (44.4) 1 (3.7) 1 (3.7) 2 (3.7)

Aragonese county councils (comarcas) (D) 1 (4.5) 0 (0) 1 (1.8) 14 (63.6) * 6 (17.6) 20 (35.7) 6 (27.3) 27 (79.4) * 33 (58.9) * 1 (4.5) 1 (2.9) 2 (3.6)

C = Catalonia (Spanish Autonomous Community). A = Aragon (Spanish Autonomous Community). (R) = Regional administration. (P) = Provincial administration. (D) = District
or comarcal administration. (*) = Outstanding result (>50%). (**) = Multiple choice question. Based on 69 responses (32 on the Catalan side and 37 on Aragonese side). There are
3 blank responses.
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4. Discussion and Conclusions

UPS management is essential for the well-being of the population, whose basic needs must be

met through the provision of these services by different administrative levels (local and supralocal).

Rural areas, located far from metropolitan urban centers, are more likely to suffer a lack of proper

UPS management. Moreover, when rural areas are also peripheral border areas, this situation is likely

to be exacerbated. Here, with the aim of analyzing the management of UPS in rural-border areas,

we have carried out a quantitative study of the perception of public stakeholders (mayors and town

clerks) in the case of the Spanish internal border area between Catalonia and Aragon (ARCAT-IBA),

characterized by the river municipalities of the Ebro basin.

The perception of the existence of deficiencies in UPS management is shared on both sides of the

border. Moreover, there is also a common perception that there are not enough cooperation mechanisms

to correct these deficiencies. In fact, on both sides of the border, a significant percentage of stakeholders

agree that the creation and implementation of cooperation mechanisms for UPS management would

be a positive step forward.

The differences in perception regarding the degree of cooperation (existing or desirable) between

the municipalities on both sides of the border cannot be considered significant in themselves. There are

a number of factors of a geographical nature, linked to the heterogeneity of the whole border area

(including the discontinuous distribution of urban settlements and the weak relationship between

some municipalities), which condition this perception and which mean that, in many cases, the same

situation or problem is interpreted differently on the two sides of the border. These divergences in

perception (which can be considered inherent to the border territories, given their usual condition

of “periphery” in relation to their respective “centres”) could be better understood by conducting a

detailed study of just a few municipalities and, in this way, leaving to one side the problems faced by

the whole border area.

There is also a shared perception of the positive effects of the collaborative management of UPS

for achieving common objectives for people on both sides of the border. This is particularly the case for

both local and supralocal UPS competences, such as the promotion of river tourism, town access roads,

urban collective passenger transport, and environmental protection, which Catalan and Aragonese

public stakeholders alike feel would benefit from greater cooperation. There is also a moderate level of

agreement that other competences, such as civil defence, healthcare, police, the paving and maintenance

of public roadways, and social services, would benefit from cooperation. All these competences are

basic for the social and economic development of peripheral rural border areas.

The promotion of cooperation mechanisms via the creation of a new special entity in the Spanish

legal system (the “border municipality”) could be way to achieve a satisfactory agreement between

the two sides in the long term. This entity could usher in the establishment of different, specific,

and more favorable regulations for the socioeconomic development of peripheral municipalities

located on Spain’s internal borders. In contrast, other more frequently employed formal solutions (i.e.,

agreements, consortiums, and commonwealths) do not, in many instances, result in a significant degree

of cooperation, as they are usually designed for specific scenarios or to address specific problems.

Furthermore, the common perception is that the supralocal administration has been indifferent

and distant (neither contrary nor favorable) in its stance to the mechanisms of cooperation. We conclude

that the ARCAT-IBA is a territory that is favorable to cooperation in different competences that directly

affect UPS management, and that local and supralocal public administrations should take into account

this perception of stakeholders to achieve beneficial outcomes for both sides of the border.

Further quantitative research on the questions studied here is needed. The geolocation of UPS

and associated statistical analyses aimed at creating efficient location-allocation models should help

promote the willingness to cooperate that has been detected using the quantitative methods employed

in this study. In addition, the need should be stressed for good decentralization policies and for

the consideration of IBAs as a whole territory subject to the same deficiencies in UPS management
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and, hence, sharing the same common objectives. Finally, more research on possible cooperation

mechanisms, including at the international level, should shed further light on the subject.

We would like to complete this study by highlighting the need also to undertake further research

on the management of public services. First of all, because we start from the principle that public

services should be implemented equally throughout a territory (whatever its scale) and that it is not

admissible, from the point of view of the provision of these services, that a distinction be made by the

administration between “central” territories, on the one hand, and “peripheral” territories on the other.

From an academic point of view, it is important to highlight that border areas (whether at the regional

or state scale) often tend to become peripheral spaces (that is, spaces where deficits accumulate and

where the limitations of administrative action are accentuated) and that, in such circumstances, it is

essential that public authorities seek to correct these situations of imbalance in order to guarantee equity

and territorial cohesion. Secondly, our research illustrates, we believe, the rich scientific possibilities

opened up by conducting research in the field and more specifically by entering into dialogue with the

stakeholders involved in the situations analyzed. In the course of this study, we have been able to

observe that, above and beyond the problems identified and the material difficulties that often exist

to address them when taking a “top-down” approach, cooperation mechanisms (which, as a rule,

operate from the “bottom-up”) often offer practical and highly effective solutions that are worth careful

consideration with a view to the future.
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