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ABSTRACT

Groundwater is an essential source of water supply, particularly during meteorological
droughts when the dependency on groundwater increases. However, the impact of
human-influence, i.e. water use and water resource management on natural hydrological
droughts remains unknown. This thesis aims to advance our understanding of
human-influence on hydrological droughts, particularly groundwater droughts. For this,
two methodologies were developed to analyse the impact of human-influence on regional
groundwater droughts and assess impact of socio-hydrological feedbacks during droughts.
The main results show an asymmetric drought response due to groundwater use resulting
in in/decreased drought frequency and de/increased drought severity depending on the
long-term balance between groundwater recharge and groundwater use. Results indicate
that managed aquifer recharge can change this long-term balance, as found in a
heavily-stressed aquifer where regional groundwater drought duration and severity reduced.
Drought mitigation strategies are also found to alter this long-term balance. Modelled
strategies reduce hydrological drought duration and severity, although the impact of
mitigation strategies is sensitive to primary hydrogeological conditions and the overall
water allocation. In summary, these results advance our understanding of human-influence
on hydrological droughts. Findings highlight substantial impact on hydrological droughts

and show the need of sustainable water resources management.
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Chapter One

Introduction

1.1 Rationale and aim

Groundwater is a crucial water source as it provides drinking water for nearly half the global
population while also sustaining irrigated agriculture and industrial water use (Siebert et al.,
2010; Gun et al., 2012; Déll et al., 2012). Even though groundwater storage is largely hidden
from view, the widespread availability of the resource (Aeschbach-Hertig et al., 2012), long
residence times (Cuthbert et al., 2019), and resilience during current and projected climate
extremes (Taylor et al., 2013) result in large-scale use of groundwater (D4ll et al., 2012).
Groundwater also sustains important ecosystems, which existence can be jeopardised when
groundwater is overused (overabstracted) periodically or permanently (Custodio, 2002; Graaf
et al., 2019). The availability of groundwater during climate extremes defines its value during
meteorological droughts defined as a deficit in precipitation (Mishra et al., 2010). As surface
water availability declines, groundwater use increases enhancing pressure on groundwater
resources that may result in periodically overabstraction. Permanent overabstraction may
have irreversible consequences for ecosystems and water bodies (Custodio et al., 2019; Graaf

et al., 2019), groundwater quality, i.e. salt water intrusion (Taniguchi, 2011), and even loss
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of groundwater storage due to large-scale subsidence that was aggravated during an extreme
drought (Faunt et al., 2016; Ojha et al., 2017). Due to climate change, extreme meteorological
droughts are likely to occur more frequently in near-future (Dai, 2013), adding further strain
on water resources. Or perhaps sooner, as recent severe drought events in Europe confirm the
increasing drought frequency already (Stagge et al., 2017; Hari et al., 2020). Most striking
is the projected positive trend in evapotranspiration and lengthening of drought events that
aggravates soil moisture deficits and crop water requirements for irrigated agriculture fuelling
the dependency on groundwater (Siebert et al., 2010; Aeschbach-Hertig et al., 2012; Taylor
et al., 2013). Overabstraction during droughts also results in lower baseflows (Konikow et
al., 2014; Gleeson et al., 2018), which directly aggravates streamflow droughts, defined as a
below-normal discharge or reservoir levels (Tallaksen et al., 2004). The projected streamflow
droughts show a similar or worse increase in near-future scenarios compared to meteorological
droughts (Prudhomme et al., 2014). However, increased water use amplifies near-natural
streamflow droughts (Taylor et al., 2013; Wada et al., 2013; Wanders et al., 2015) that is
already identified in number of case study areas around the world (Tijdeman et al., 2018;

Margariti et al., 2019; Van Loon et al., 2019; Wang et al., 2020).

Responding accordingly to meteorological droughts is key to avoid crisis management
and decrease vulnerability to current and future water shortages (Wilhite, 2000; Carrao et
al., 2016; Ward et al., 2020). Maladaptation to meteorological droughts is to be avoided
(Christian-Smith et al., 2015; AghaKouchak, 2015), as overabstraction of groundwater may
result in aquifers becoming heavily-stressed and even depleted (Custodio, 2002; Rens et al.,
2017). Regional groundwater models in large-scale aquifers show that groundwater depletion
is a dynamic concept resulting from both negative and positive influence of climate variabil-
ity and water resources management on groundwater storage (Konikow, 2011; Rateb et al.,
2020). Sustained and periodic overuse of groundwater may be balanced in a sustainable

manner and does not necessarily result in degraded aquifer systems, if groundwater use is
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balanced with long-term groundwater recharge in a sustainable manner (Cuthbert et al.,
2019; Gleeson et al., 2020). Examples across the world show impact on adaptation and miti-
gation strategies by introducing (integrated) water supply and demand management yielding
in increased drought resilience and avoiding groundwater depletion (Low et al., 2015; Scan-
lon et al., 2016; Jakeman et al., 2016; Rodina, 2019; Jacobs et al., 2020). Examples of both
positive and negative management impact on long-term groundwater storage highlight the
significance of human influence on groundwater droughts. Hydrological droughts in managed
environments, defined as a below-normal surface water, reservoir storage, and groundwater
levels (Mishra et al., 2010; Van Loon, 2015) result from the combined impact of climate and
anthropogenic factors (Van Loon et al., 2016a). A deficit in streamflow, reservoir storage or
groundwater may be modified due to water management interventions: a human-modified
hydrological drought, or it may be driven due to water management alone: a human-induced
hydrological drought (Van Loon et al., 2013; Van Loon et al., 2016a). The question is to what
extend the increased groundwater use modifies near-natural hydrological droughts, particu-
larly groundwater droughts, and how these groundwater droughts differ in a human-modified

setting (Van Loon et al., 2016b).

In this context, the PhD thesis aims to better understand hydrological droughts,
particularly groundwater droughts, in a human-modified context. In the presented research,
the first results chapter (chapter 3) aims to observe and categorise groundwater droughts in a
human-modified context. Following from this, the next results chapters (chapter 4-6) aim to
identify hydrological droughts that are managed and alleviated. The results chapters thereby
observe not only natural processes, but focus on management interventions on hydrological

droughts in human-modified environment.
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1.2 Background

1.2.1 Hydrological droughts in natural systems

Prior to the investigation of human-modified droughts, natural drought propagation and
characteristics of hydrological droughts in a (near-)natural setting need to be explained. Nat-
ural or near-natural settings refer herein to (relatively) undisturbed hydrological conditions
for streamflow and groundwater level variation. Near-natural hydrological droughts develop
as a result of cascaded precipitation deficits that propagate through the hydrological cycle
(Yevjevich, 1967; Tallaksen et al., 2004; Van Lanen, 2006a). Precipitation deficits result in
drying up of soils that can be aggravated by high temperatures and increased evapotranspi-
ration leading to soil moisture deficits (Van Loon, 2015; Teuling, 2018; Manning et al., 2019).
Deficits in soil moisture reduce runoff and percolation to deeper soil columns and groundwater
resulting in lower discharge and eventually a reduction in groundwater storage. (Yevjevich,
1967; Van Lanen, 2006a). Natural water stores such as snow and glaciers, wetlands, and
thick soil moisture columns and groundwater can delay or even mitigate the propagation
of soil moisture anomalies. However, when natural stores disappear as a result of climate
change, e.g. accelerated snowmelt, retreating glaciers, degraded soils, drought propagation
changes and it can be debated whether these droughts are natural or also human-influenced
(Van Tiel et al., 2018; Tijdeman et al., 2020; Huning et al., 2020). Streamflow droughts de-
velop from the soil moisture deficits, antecedent conditions in a catchment, and the buffering
effect of natural water stores that determine the spatial extend of absent runoff and reduced
baseflow (Tallaksen et al., 2009). Deficits in groundwater occur latest in the hydrological cy-
cle, depending on the antecedent conditions of the subsurface storage, delay in groundwater
recharge, and non-linear response of aquifers (Eltahir et al., 1999; Tallaksen et al., 2009).
The storage capacity and memory of groundwater systems determines the response time to

a recharge and consequently baseflow generation. Groundwater systems that respond slower
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to recharge have a longer offset compared to quickly responding aquifer systems (Peters et
al., 2006; Van Lanen et al., 2013). This also impacts river systems connected an aquifer,
as the slow drought propagation corresponds to a slower reacting baseflow component and
consequently, slower in their determination of droughts events (Stoelzle et al., 2014; Parry
et al., 2018). Large-scale meteorological processes may thus result in different near-natural
groundwater droughts depending on small-scale catchment characteristics, present/absent
water stores and variability in the hydrogeological setting (Tallaksen et al., 2009; Bloomfield
et al., 2013).

1.2.2 Hydrological droughts in human-modified environments

Natural drought propagation, as explained above, can be altered in many ways by humans
managing and exploiting water resources for drinking water, food production, and industry
(Siebert et al., 2010; D&l et al., 2012). Previously, this impact has been excluded and
reviewed as external disturbance, but in socio-hydrology and in this study, the aim is to
evaluate the dynamic influence of both natural and anthropogenic drivers (Sivapalan et al.,
2012). The intertwined hydrological cycle that includes anthropogenic impact is altered in
various ways compared to natural settings, and we are at the beginning of understanding
the impact on hydrological extremes (Sivapalan et al., 2012; Di Baldassarre et al., 2015;
Van Loon et al., 2016a; Ward et al., 2020). Analysing hydrological droughts in a human-
modified context requires knowledge of both natural and anthropogenic drivers to assess the

anthropogenic impact on hydrological droughts (Van Loon et al., 2016a).

The dynamic, primarily increasing, anthropogenic impact on the water cycle is an
essential element when evaluating hydrological droughts in human-modified settings. In
general, anthropogenic impact on the water cycle increased past decades in terms of in-

creasingly more reservoir being built (Chao et al., 2008) and considering the disappearance
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of natural landscapes into urban areas, croplands, and irrigated fields (Foley et al., 2005).
These long-term incremental anthropogenic changes to hydrology also alter water storage,
water use and hydrological extremes. For example, when introducing reservoir to store water
upstream and thereby altering river regimes and their drought and flood response (Di Bal-
dassarre et al., 2015; Di Baldassarre et al., 2018; Rangecroft et al., 2019). Expanded irrigated
area affects regional hydrological processes by the introduced return flow of excess water and
increased water abstractions (D&l et al., 2014; Rateb et al., 2020). These examples highlight
the long-term increasing anthropogenic impact, but short-term variability of anthropogenic
impact has considerable effect too. For example, domestic water use can increase suddenly
during heatwaves or meteorological droughts, adding stress to the water supply systems to
meet water demand (Garcia et al., 2016) and irrigated areas also fuelling an increase in
surface water and groundwater use and thereby aggravating droughts (AghaKouchak, 2015;
Faunt et al., 2009; Wada et al., 2013). Water use can also suddenly reduce, when water
conservation measures are in place during droughts (Low et al., 2015; Rodina, 2019) or when
water users become aware of shortages (Garcia et al., 2020). Water management regulations
or drought policies can introduce and encourage specific behavioural responses to drought
conditions that may be effective on relatively short-term time scales (Bhanja et al., 2017;
Dountcheva et al., 2020). In general, drought policies seek to increase the overall resilience
to droughts (Wilhite et al., 2014) by introducing water conservation measures and alterna-
tive water sources during droughts. Integrating water use or managing surface water and
groundwater in an adaptive response is another approach to increase storage capacity and
resilience to droughts using water management (Jakeman et al., 2016; Scanlon et al., 2016).
However, the actual impact of these drought policies or altered water resource management
is often unknown (Urquijo et al., 2017; Wilhite et al., 2014). The short-term and long-term
variability in anthropogenic impact on the water cycle contributes to a highly dynamic set
of drivers that influence hydrological droughts in a human-modified settings that require

careful unravelling to assess the relative influence of climate and anthropogenic impacts on
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hydrological extremes (Viglione et al., 2016).

1.3 Research gap

The recent focus of hydrological drought research in the human-modified environments shows
the value of including anthropogenic impact, but it also reveals the various aspects that
are represented within the term ‘human-influence’ (Van Loon et al., 2016a; Van Loon et
al., 2016b). For example, human-influence on hydrological droughts can refer to reservoir
building or changing reservoir regulations that alter streamflow droughts (Garcia et al.,
2016; Di Baldassarre et al., 2018; Rangecroft et al., 2019; Margariti et al., 2019; Garcia et
al., 2020). Human-influence can also refer to either surface water or groundwater use altering
both surface water and groundwater droughts (Wada et al., 2013; Van Loon et al., 2013;
Wanders et al., 2015; Tijdeman et al., 2018). Intentionally increasing groundwater recharge
receives less attention in drought research, but again, alters both streamflow and groundwater
droughts (Scanlon et al., 2016; Jakeman et al., 2016). And finally, drought mitigation
strategies can also alter hydrological droughts, even though this is rarely quantified (Wilhite
et al., 2014; Urquijo et al., 2017; Ozerol, 2019). Despite these recent studies, the different
aspects of human-influence and possible feedback between societal response and hydrology
are not fully understood (Van Loon et al., 2016b; Gleeson et al., 2020). There is a need
for obtaining a better understanding given the significant modifying impact of human water
consumption (Siebert et al., 2010; Dol et al., 2012), increasing number of depleted aquifers
(Custodio, 2002; Gleeson et al., 2012b; Konikow, 2011), and alignment of short-term and
long-term sustainable management objectives (Gleeson et al., 2020). In this thesis, three
aspects of human-influence on hydrological droughts are assessed that focus on the influence
of 1) groundwater use, 2) enhanced recharge, and 3) drought management strategies on

particularly groundwater droughts. In the following three sections, a specific research gap is
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explained followed by the research objectives, structure of the thesis, and research design in

Chapter 2.

1.3.1 Impact of groundwater use on hydrological droughts

The impact of groundwater use on hydrological droughts is thus far mainly investigated
using either models or a combination of observations and models in heavily-stressed and
depleted aquifers (Van Loon et al., 2013; AghaKouchak, 2015; Rens et al., 2017; He et al.,
2017; Van Loon et al., 2019). Hydrological (mainly stream flow) droughts in these exam-
ples are significantly impacted by groundwater use that (partly) cause the degradation of
the groundwater resource. Other studies focusing on river flow or ecology conclude that
groundwater use jeopardises low flows and results in serious reductions in environmental
flows and aggravates streamflow droughts (Gleeson et al., 2018; Tijdeman et al., 2018; Graaf
et al., 2019). These studies show the significance of groundwater use impact, but up to now,
there is no common framework or methodology to analyse the impact of groundwater use
on hydrological droughts systematically. Current methods are often applicable to stream-
flow droughts only, as surface water catchments characteristics can be used to compare
hydrological drought response (Tijdeman et al., 2018; Van Loon et al., 2019). The diffused
nature of groundwater hydrology, unknown groundwater catchment area, and heterogeneity
of aquifer characteristics complicate a direct comparison between natural or near-natural
groundwater droughts (Van Lanen, 2006a; Bloomfield et al., 2013; Haas et al., 2017). Al-
ternative approaches to compare groundwater droughts have been advanced by statistical
analysis, introducing a method to standardise groundwater level time series that allows a
comparison of groundwater monitoring sites for near-natural groundwater systems (Bloom-
field et al., 2013). This method also allows observation-based research to scale up from

catchment scale to regional and even national scale despite various hydrogeological condi-
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tions (Marchant et al., 2018). The regional groundwater analysis is key for investigating
droughts in human-modified settings, because groundwater use and water management is
often regulated at regional (administrative) level that might not align with surface water
or groundwater catchment boundaries. The first studies to apply this regional approach to
groundwater droughts in human-modified environments found that seasonal groundwater use
aggravated droughts (Lorenzo-Lacruz et al., 2017; Lee et al., 2018). However, both studies
highlighted the need for a modified method, as their results could not distinguish natural
and anthropogenic drivers. Therefore, there is a need 1) to develop a framework that assess
regional groundwater droughts at a relevant management scale, 2) to investigate groundwa-
ter droughts in a systematic manner and 3) to summarise main features of human-modified

droughts.

1.3.2 Impact of enhanced groundwater recharge on hydrological

droughts

The impact of enhanced groundwater recharge on hydrological processes receives less atten-
tion compared to the impact of groundwater use and even though fewer studies focus on
the potential impact of managed aquifer systems. This is remarkable, as the capacity of
managed aquifer recharge (MAR) is growing globally with a substantial representation in
India (31%) and the USA (26%; Stefan et al. 2018; Dillon et al. 2019). MAR in Europe and
Australia, representing a smaller proportion of global MAR capacity, show the value of MAR
in securing drinking water and increasing drought resilience (Sprenger et al., 2017; Grant
et al., 2013; Radcliffe, 2015). However, the impact of MAR facilities is often investigated on
a relatively small and short spatio-temporal time scales, as small-scale groundwater mod-
els are often used to evaluate infiltration capacity and performance to improve operations

(Bouwer, 2002; Niswonger et al., 2017; Maples et al., 2019). A complicating factor in upscal-
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ing MAR research is not only the significant effort to model groundwater at regional scale or
national scale (Rens et al., 2017), but particularly to include MAR facilities that are smaller
than the model resolution (Faunt et al., 2009; Brush et al., 2013). In addition to this, large
proportion of MAR are not monitored (Tushaar, 2009; Dillon et al., 2019). As a result, a
quantitative approach to assess the impact of enhanced recharge on hydrological extremes is
missing. Theoretical examples and short observational records show that MAR could con-
tribute to sustainable groundwater use (Sprenger et al., 2017; Cruz-Ayala et al., 2020; Alam
et al., 2020; Dillon et al., 2020). Studies in exceptionally-well monitored sites highlight the
importance and potential for drought resilience (Thomas et al., 2015; Scanlon et al., 2016),
but a systematic approach is missing. Hence, there is a need for an observation-based study
investigating the long-term, regional impact of MAR on hydrological droughts particularly
in the light of the recent growth in MAR facilities globally and the potential for increased

drought resilience.

1.3.3 Impact of drought policies on hydrological droughts

Drought policies introduce specific behavioural responses to drought aimed to increase drought
resilience (Wilhite et al., 2014), but evidence of achieved drought resilience is rare (Bhanja
et al., 2017; Dountcheva et al., 2020). This may be, because drought policy implementations
are lengthy and different in each country depending on their history of water management, in-
stitutional and economic drives (Urquijo et al., 2017). For example, within Europe drought
polices have been introduced as part of the Water Framework Directive in 2000 (Direc-
tive, 2000; Howarth, 2018). Studies investigating the process made since 2000 compare the
drought policies in a qualitative manner, as introduced mitigation strategies vary widely
(De Stefano et al., 2015b; Urquijo et al., 2017; Ozerol, 2019). However, the actual achieved

effectiveness of implemented measures remains unknown. Individual drought strategies or
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measures taken during droughts have been evaluated in various regions that all show the
potential to reduce or alleviate hydrological droughts (Low et al., 2015; White et al., 2016;
Di Baldassarre et al., 2018; Garcia et al., 2016; Dobson et al., 2020). Although none of
these studies implemented drought strategies as part of a combined drought policy to eval-
uate the impact on surface water and groundwater resources. Jaeger et al. (2019) is the
first to present a modelled drought policy showing how reservoir regulations are effective
to mitigate droughts in a basin in the USA. However, groundwater use was not included
in this first drought policy evaluation despite the importance and increased dependency on
groundwater during droughts and the importance of managing groundwater use (Gleeson
et al., 2012a; White et al., 2016; Gleeson et al., 2020). Therefore, there is a need to extend
the current modelling work on drought policies to evaluate the impact of drought policies on
both streamflow and groundwater droughts and obtain a better understanding of 1) the spe-
cific impact of different drought mitigation strategies and 2) potential sensitivities of these

strategies to catchment characteristics.

1.4 Research objectives

To address these research gaps and the overall research aim, the aim has been subdivided
into three research objectives that are discussed in the following four results chapters (see

also conceptual Figure 1.1 ).

Assess the impact of groundwater use on groundwater droughts

The first research objective is to identify characteristics of human-modified droughts and
relate drought characteristics to driving meteorology, hydrogeological setting, and ground-

water use. This objective is addressed in chapter 3 in which near-natural groundwater level
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Figure 1.1: Conceptual diagram of the three research objectives and four results chapters
that address different aspects of human-influence on groundwater droughts. Left is the man-
agement impact on the surface shown. Right shows the hypothesised impact on groundwater

droughts in time (colours match the research objective colours).
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observations and potentially impacted observations are compared in a regional groundwater

drought analysis.

Impact of enhanced recharge on groundwater droughts

The second research objective is to assess the impact of enhanced groundwater recharge
on groundwater droughts. This research objective is investigated in two results chapters
that include an initial exploration of long-term impact of MAR on groundwater storage
(Chapter 4) and a follow-up study (Chapter 5) that aims to investigate wider impacts of
MAR on groundwater droughts. This investigation will also address the potential to expand
MAR capacity and the implications for management of enhanced recharge to contribute to

sustainable groundwater management.

Impact of drought policies on hydrological droughts and water re-

sources

The final, third research objective aims to advance the conceptual understanding of the
impact of drought policies on hydrological droughts. To this end, a conceptual model is
developed in Chapter 6 that enables an assessment of temporal surface water and ground-
water availability and water resource management. The impact of drought policies is herein

evaluated using scenarios of separate and combined drought mitigation strategies.
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1.5 Structure of thesis

The structure of the thesis follows these three research objectives that are applied to differ-
ent, but appropriate, case study areas. The overall approach, relevance of the case studies,
and developed methods are explained in the Research Design chapter (Chapter 2). Follow-
ing on from the overall design, the three objectives are addressed across the four results
chapters (Chapters 3-6; Figure 1.1). The first chapter (Chapter 3) evaluates the impact
of groundwater use on groundwater droughts starting with observing and summarising hy-
drological droughts in human-modified environments. The observation-based approach is
applied to regions with MAR to evaluate the impact on groundwater droughts (Chapter 4
and 5). In Chapter 6, drought policies are simulated in a conceptual model, showing the
impact of managing and alleviating hydrological droughts in human-modified environments.
The last chapter (Chapter 7) presents the overall conclusions and outlook of the thesis high-
lighting recommendations for future research on hydrological droughts in human-modified

environments.
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Research Design

2.1 Introduction

This Research Design chapter presents the approach to investigate hydrological droughts
in human-modified environments, addressing both variability in natural and anthropogenic
drivers for streamflow and groundwater droughts. In the emerging field of hydrological
drought research in human-modified environments, not all appropriate methods are fully
developed yet. Recent studies presented new methods suitable to analyse human-influence
on streamflow droughts, but not groundwater droughts specifically (Tijdeman et al., 2018;
Rangecroft et al., 2019; Van Loon et al., 2019). To date, groundwater drought research has
focused on near-natural settings primarily, excluding human-influenced groundwater level
observations in drought analysis (Bloomfield et al., 2015; Kumar et al., 2016; Haas et al.,
2017). This chapter combines the two approaches showing that a combination of statistical
methods and socio-hydrological modelling can be used to advance and extend current anal-
yses to groundwater droughts in human-modified settings. The chapter is subdivided by the
three research objectives (introduced in section 1.4) and their relevant case studies (section

2.2), after which the various data and methods are presented (section 2.3 and 2.4) including
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modified statistical methods and the developed conceptual model.

2.2 Research objectives and relevant case studies

The research design follows from the three research objectives, which focus on 1) the impact of
groundwater use on groundwater droughts, 2) the impact of enhanced groundwater recharge
on groundwater droughts, and 3) the impact of drought policies on hydrological droughts.
Different case studies were selected that are relevant exemplars for each research objective

(Figure 1.1).

2.2.1 Research objective 1: impact of groundwater use

The first research objective builds further on the regional groundwater drought analysis of
Bloomfield et al. (2013) and Bloomfield et al. (2015), but with a focus on human-modified
groundwater observations. Both studies focus on primary aquifers in the UK using long-term
observational groundwater level records to characterise groundwater droughts in near-natural
conditions. Considering the intense groundwater use and management of water resources in
the primary UK aquifers and the previously excluded human-impacted groundwater level
records, the UK was selected as case study for the first research objective. The available
long observational records of precipitation and groundwater levels were used to reproduce the
near-natural drought analysis and define a reference for potentially impacted observations.
Potentially impacted groundwater level observations were obtained from regular monitored
boreholes in managed groundwater abstraction units (Catchment Abstraction Management
Strategy (CAMS) units). The national water regulator, the Environment Agency (EA)
overviews the catchment-based approach in CAMS units to manage (and restrict) ground-

water abstractions (Environment Agency, 2016). These potentially impacted groundwater
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level records define the core of the research presented in Chapter 3 to address research objec-
tive 1. Multiple CAMS are selected to make a representative sample for the primary aquifers
in the UK using both near-natural and potentially impacted groundwater level observations.
Data used and available information about water resource management are discussed briefly

in the next section and in more detail in Chapter 3.

2.2.2 Research objective 2: impact of enhanced recharge

The second research objective focuses on enhanced groundwater recharge, which is also prac-
tised in the UK, although this may not be the most representative case study. In the UK,
enhanced groundwater recharge has been in use since 1995 to alleviate the pressure on Lon-
don’s water resources (Thames Water, 2020). Even though the capacity is enough to satisfy
1.2m Londoners, artificial recharge is injected into one isolated aquifer with limited regional
impact (Thames Water, 2020). In the wider context of global Managed Aquifer Recharge
(MAR) capacity, MAR in the UK represents a small proportion compared to more regional
approaches that are present elsewhere in Europe (Thames Water, 2020; Sprenger et al., 2017;
Dillon et al., 2019) and even larger regional approaches in the USA and India that repre-
sent the largest proportion of the global MAR capacity (31% and 26% respectively; Dillon
et al. 2019). However, few of these MAR facilities are monitored. This limited monitoring
hinders the option to distinguish impact of MAR from natural recharge or groundwater use
that is key to this research. Therefore, a well-monitored case study was selected located in
California (USA; Scanlon et al. 2012a; Scanlon et al. 2016). The Southern Californian MAR
facilities have been in use and monitored since 1960s. Records of infiltrated and extracted
water at these facilities are publicly available (KCWA, 2010), as well as regular groundwa-
ter monitoring elsewhere in the aquifer (CASGEM, 2017). The long-term regional MAR

and available data in the aquifer facilitates regional groundwater drought research and the
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potential impact of MAR on groundwater droughts.

2.2.3 Research objective 3: impact of drought policies

The third research objective focuses on the impact of drought policies on hydrological
droughts. This topic has been qualitatively analysed and investigated in the USA (Wil-
hite, 2000; Wilhite et al., 2014) and in Europe (De Stefano et al., 2015b; Urquijo et al.,
2017), revealing the variable implementation of drought mitigation strategies across coun-
tries. However, both comparisons are qualitative assessments, leaving the impact on hy-
drological droughts unknown. Other studies investigated the impact of isolated mitigation
strategies, not necessarily a full drought policy, and modelled the impact on water resources
in either small catchments or virtual environments (Low et al., 2015; White et al., 2016;
Di Baldassarre et al., 2018; Garcia et al., 2016). Therefore, a relatively simple conceptual
model was built continuing the modelling approach to evaluate the impact of drought poli-
cies on not only surface water, but also groundwater variability. The widely applicable HBV
model structure (Bergstrom, 1976) was modified for this conceptual model that extended
the hydrological drought modelling of Van Lanen et al. (2013). Without simulating a spe-
cific watershed or catchment, input data were sought to be largely representative for water
availability and water resource management in a (climate) region. However, information
about water resource management, drought policies, and mitigation strategies rarely pub-
licly accessible or assessed previously that limited the selection for suitable case studies (De
Stefano et al., 2015b; Urquijo et al., 2017). The availability of climate data, water resource
management plans, and drought policies in England was therefore used as an opportunity

to developed the conceptual model using England as a test bed in the last results chapter.
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Figure 2.1: Flow diagram of the three research objectives (illustrated and coloured as in

Figure 1.1 on the far left), case study areas used and the available data are listed in the

centre, and methods applied in the four results chapter 3-6 are on the far right. Dotted

boxes indicate methods that are specific to the result chapter and not explained in the

Research Design chapter.
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2.3 Data

Data gathered and background information used to address the three research objectives
focuses on two case study regions (justified in section 2.2). The first is UK or England
more specifically in chapter 6, for which climate data, groundwater level observations, and
water resource management information was gathered to address the first and third research
objective. The second case study is the Central Valley Aquifer in California (USA), where
the long-term regional impact of enhanced recharge is studied, addressing the second research
objective. This section presents an overview of the used data in the thesis. More detailed

data descriptions can be found in the respective chapters.

2.3.1 UK case study

Groundwater is sourced for drinking water and industrial water use since the early 1900s and
up to 100% of the UK’s water supply is currently groundwater-fed (BGS, 2015). Manage-
ment of main (or principal) aquifers is key to preserve the valuable resource during droughts.
Groundwater storage is mainly replenished during winter months that varies widely across
the UK. Modelled long-term groundwater recharge estimates range from 0-0.2 mm/d in the
South East England up to 8 mm/d in North West Scotland (Mansour et al., 2018). Interest-
ingly, most groundwater is used in Southern England, where groundwater provides water for
public drinking water companies, agriculture, industry, and environmental purposes (BGS,
2015; Environment Agency, 2016; Agency, 2019a). To avoid overexploitation, groundwater
abstractions are licensed and managed using the CAMS units (Environment Agency, 2016)
and regional EA offices have access to a calibrated groundwater model to review wet, nor-
mal, and dry conditions given the licensed and maximum abstractions (Shepley et al., 2012).

These reports are open and accessible in contrast to the records of actual abstractions that
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are not publicly available. The combination of classified near-natural groundwater level ob-
servations in the Hydrometric Register by Marsh et al. (2008) and the managed groundwater
abstraction in the CAMS units defines the value of the UK as case study to address the first

and third research objective.

Climate data

Data on climate drivers to hydrological droughts were obtained from spatially-distributed
datasets and a regional product for precipitation. This regional precipitation product is based
on regionally-averaged polygons that together present a representative value for daily precip-
itation across England and Wales (1931-2020; Alexander et al. 2001). Spatially-distributed
precipitation data were obtained by the GEAR dataset of Tanguy et al. (2016). This gridded
(1 km?) UK dataset contains spatially-interpolated daily precipitation sums from 1890 to
2017 that are derived from the UK rain gauge network (see Tanguy et al. 2016 for details
regarding the interpolation methodology). The other spatial climate data was the gridded
(1 km?) potential evapotranspiration dataset by Robinson et al. (2016). These data con-
tain calculated daily potential evapotranspiration sums from 1961 to 2017, based on the
Penman-Monteith equation calibrated for well-watered grass (see Robinson et al. 2016 for
details). Regional long-term estimates of precipitation and evapotranspiration for selected

CAMS units were provided by Mansour et al. (2018).

Groundwater level data

Groundwater level observation data were obtained from Marsh et al. (2008). These ground-
water level sites have been qualitatively assessed by the British Geological Survey. Quality-
checked data was available as early as 1836 (Chilgrove in the Chalk aquifer), but more

generally from 1955 to 2015. Groundwater level observations in selected CAMS units were
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obtained from regional EA offices. Obtained data varied in quality and availability, although
sufficient continuous observations were found for the period 1983-2014 (see section 3.5.1 for

details regarding data quality assessment).

Water resource management information

Information about water resource management and drought management plans was obtained
both the first and third research objectives. For the first research objective, general infor-
mation about groundwater management and changed national water law was sourced in
published reports and studies (Environment Agency, 2016; Ohdedar, 2017; Howarth, 2018).
More detailed information about groundwater use and modelled groundwater recharge, ground-
water flow, and the ratio of recharge to abstractions were found in regional groundwater mod-
elling reports (Whitehead et al., 2006; Shepley et al., 2008; Cuthbert, 2009; Environment
Agency, 2010). Note that groundwater abstractions were unavailable for selected CAMS
units. Additional information required to address the third research objective, was obtained
by a national database presenting the primary water users in the UK (Agency, 2019a). De-
tailed descriptions of water resource management plans were obtained via the EA (Agency,
2019b) and via the public drinking water companies themselves, who publish both water

resource and drought management plans online (see S18 for references).

2.3.2 California case study

Managed Aquifer Recharge in California is primarily located in the southern counties of
the Central Valley in the Tulare Basin. In the Central Valley, groundwater is used to
sustain the large-scale irrigation that benefits from the Mediterranean climate with hot
and dry summers and mild winters when most precipitation occurs (on average 152-254

mm /y; Faunt et al. 2009). Despite the highly seasonal water availability via streams and
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recharge season in winter, food production is booming since the start of 1900s and large-scale
irrigated agriculture resulted in overexploitation of the aquifer with irreversible consequences
in terms of died up lakes (Bertoldi et al., 1991; Faunt et al., 2009) and subsidence (Faunt
et al., 2016; Ojha et al., 2017). The long-term groundwater budget of Tulare shows that
estimated groundwater recharge (from precipitation, streams, and landscape) represents 36%
that is exceeded by the modelled groundwater abstractions (50%) and losses in aquifer due
to (in)elastic matrix storage, compression of specific yield, and groundwater flow leaving
the Tulare Basin (14%; Faunt et al. 2009). Additional surface water is imported from
North California that was initiated to meet the agricultural demand (USBR, 2019; California
Department of Water Resources, 2020); but this is insufficient to meet current dry years and
droughts (Faunt et al., 2009; Famiglietti et al., 2011; Xiao et al., 2017). The initiated aquifer
recharge projects seek to increase groundwater storage by enhancing groundwater recharge
with the imported surface water that in some cases has increased drought resilience (Scanlon
et al., 2016). The regional impact of MAR in Tulare basin is investigated in Chapter 4 and
D.

Climate data

Climate data for California were used from two datasets with different spatial and temporal
resolutions. The first dataset used to assess the basin-wide drought status was from the North
American Drought Monitor (NADM; Svoboda et al. 2002). Monthly NADM data are divided
into climate regions, for which the Tulare Basin is represented by the (larger) San Jaoquin
basin. More detailed spatially-distributed data were obtained from the DAYMET dataset
(Thornton et al., 2017). This is a gridded dataset (1 km?) providing spatially interpolated

estimates of daily precipitation sums across California.
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Groundwater level data

Groundwater level observations are publicly available in California, as part of the CASGEM
dataset that is managed by Department of Water Resources (CASGEM, 2017). There is a
large number of groundwater monitoring sites present, although the frequency of monitoring
varies widely and often only recorded biannually. A common monitoring period for approxi-
mately 150 sites was found for the period 1980-2015 that would capture regional groundwater
level variation during the most recent drought events in 1986-1992, 2006-2009, 2011-2015
(DWR, 2016). Details regarding data quality inspection can be found in section 4.4.2 and
5.5.2.

Managed Aquifer Recharge data

Data for enhanced recharge were obtained from KCWA (2010) and Scanlon et al. (2016),
who presented the volume of water infiltrated and extracted in the MAR facilities from 1963
to 2015. Annual volumes were obtained of 11 out of 15 MAR facilities that were converted
to mm/y using the reported size of infiltration basins (KCWA, 2010). The reported volumes
varied, as some MAR facilities were earlier in operation than others. Also, due to a delay
in reporting most recent MAR volumes, not all recharge was reported for 2010-2015 (see
caption of Figure 4.2 for details). Even though this dataset varies in its temporal and spatial
extent, the timing and indicated volume of MAR recharge has proven valuable to estimate

short-term and long-term MAR impact.
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2.4 Methods

The investigation of hydrological droughts in human-modified environments started by ad-
vancing previously applied statistical methods. The next section presents an overview of
the applied statistical methods, i.e. drought analysis, standardisation of time series, cluster
and trend analysis. These methods were used in multiple chapters (more detail is provided
in section 3.5.2, 4.4.2, and 5.5.2). The conceptual model that is used to evaluate the im-
pact of drought policies on hydrological droughts is also briefly introduced here and further

explained in section 6.5.2.

2.4.1 Drought analysis

First and foremost, presented results in this thesis are largely defined by the applied drought
analysis that was used to distinguish below normal conditions for precipitation, soil moisture,
baseflow, and groundwater levels based on long observational records (Tallaksen et al., 2004;
Mishra et al., 2010). The length of the observation records varied slightly in the chapters,
but generally covered at least 30 years to represent both short-term and long-term climate
variability. Drought thresholds are selected to represent a representative drought event,
which is a ‘once in 5 year drought’ in Chapter 3 and Chapter 6, as this is a common
drought threshold and in line with the UK overview of national droughts (Durant, 2015;
Tallaksen et al., 2004; Peters et al., 2006). In Chapter 5, the commonly used NADM
threshold of the Drought monitor is used that would be more appropriate for a drought study
in California (Svoboda et al., 2002). Drought thresholds are applied to precipitation, soil
moisture, discharge, and groundwater levels as either raw data or normalised (standardised)
data. For standardised data that includes seasonal (monthly) variation, a fixed threshold is

applied to indicate the below-normal threshold. From the identified droughts, the occurrence,
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duration, and magnitude are calculated to evaluate drought characteristics (Fleig et al., 2006;
Van Loon, 2015). In the thesis, terminology for droughts as defined by Mishra et al. (2010)
is used and therefore, precipitation deficits are also referred to as meteorological droughts
and hydrological droughts refer to both streamflow and groundwater droughts. The terms
streamflow or groundwater droughts are used when describing deficits in either streamflow

or groundwater more specifically.

2.4.2 Standardising of time series

In all of the results chapters, standardised indices are used for precipitation and groundwa-
ter level observations. Even though standardised methods have their drawbacks in terms of
introduced uncertainty fitting a distribution (Stagge et al., 2015; Svensson et al., 2017), nor-
malised climate variables can be used for drought propagation and regional drought analysis.
This regional drought analysis is particularly valuable to compare near-natural and human-
influenced observations. In the regional groundwater analyses (Chapters 3-6), standardised
precipitation indices (SPI) are calculated based on the fitted monthly precipitation sums, as
defined by Mckee et al. (1993). Standardised groundwater indices (SGI) are calculated using
an inverse normal distribution in which normalised SGI values are assigned to corresponding

groundwater level observations (Bloomfield et al. 2013; see also section 3.5.2 for details).

2.4.3 Cluster analysis

The regional groundwater drought analysis as previously presented in Bloomfield et al. (2015)
applies a cluster technique to group a large number of SGI based on the similarity in ground-
water hydrographs to climatological drivers and hydrogeological setting. This approach was

further extended by Marchant et al. (2018), who could also identify human-influenced obser-
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vations in the identified clusters. Building further on these studies, a number of clustering
techniques were trailed on the near-natural standardised groundwater datasets to minimise a
biased choice in clustering technique (Aghabozorgi et al., 2015; Haaf et al., 2018). Clustering
techniques in Chapter 3 and 4 were compared based on their Euclidean distance between
computed clusters to have least overlap in their cluster composition (Aghabozorgi et al.,
2015). Selected cluster groups were evaluated with hydrogeological studies and were sought

to be spatially representative within or across the aquifer section.

2.4.4 'Trend analysis

Trends in climate data and groundwater level observations were tested using a linear Mann
Kendall trend test (Mann, 1945; Kendall, 1948). Because the standardisation of time series
can introduce uncertainty in the extreme values (Stagge et al., 2015), raw time series were
used for the trend calculation. To minimise the effect of seasonal variation, annual observa-
tions were used for long-term trends. For precipitation, annual sums were used in a standard
Mann Kendall trend test. Groundwater level observations were averaged for each calendar
year. Due to the long memory of some groundwater systems, mean annual groundwater level
observations were tested for their serial correlation (Hamed, 2008; Cuthbert et al., 2019). A
modified trend test was applied to account for the serial correlation as developed by Yue et
al. (2002). Trends in precipitation, evapotranspiration, and groundwater levels were tested
in Chapter 3 and 5, for which a significance level of o < 0.01 was used, i.e. trend Z values

smaller than —2.56 or greater than 2.56 are considered significant.
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2.4.5 Socio-hydrological modelling

The socio-hydrological modelling approach originates from the conceptual modelling of Gar-
cia et al. (2016) and Di Baldassarre et al. (2015); they present relatively simple models to
visualise dynamics in socio-hydrology. To this end, drought policies are modelled in a versa-
tile HBV model, as previously applied to hydrological drought research by Van Lanen et al.
(2013). This lumped model consists of a soil moisture balance, driven by potential evapo-
transpiration and precipitation, a surface water storage reservoir, and a linear groundwater
model. The socio-hydrological model presented in this thesis uses the three types of water
storage, although the groundwater component is extended. This groundwater extension is
because, since the publication of Van Lanen et al. (2013), Stoelzle et al. (2014) found that
some aquifers are better represented using a different model structure when using a lumped
model approach. Considering the variety in the principal UK aquifers and the substantial
groundwater use in the UK, it was appropriate to extent the linear groundwater model of
Van Lanen et al. (2013) for a more optimal representation of the different aquifer types in
England. The human interaction added to the existing model structure allowed the sim-
ulation of drought policies with respect to their planned mitigation strategies. Developed
model scenarios were based on reported mitigation strategies and impact of these mitigation
strategies on hydrological droughts and water availability were compared to the baseline

conditions.

2.5 Chapter summary

In this chapter, the research design is presented that linked directly to the three research
objectives. For each objective, a representative case study was selected based on data avail-

ability and supportive background information to investigate hydrological droughts in a
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human-modified environment. The first research objective is addressed by a regional ground-
water drought analysis set in the intensively managed UK aquifers comparing near-natural
and potentially human-influenced groundwater level observations. The second objective is
also addressed using a regional groundwater droughts analysis, but the analysis focuses on
the long-term impact of regional enhanced recharge in the Central Valley (USA). The third
and last research objective is addressed using a conceptual socio-hydrological model that sim-
ulates the impact of drought policies on hydrological droughts. The model input data and
developed scenarios are based on (regionally-averaged) English climate data, water resource
management, and drought mitigation strategies. In the following chapters, more specific in-
formation on data and methods provided to investigate impact of groundwater use (Chapter
3), the impact of enhanced recharge (Chapter 4 and 5), and the impact of drought policies
(Chapter 6). The main findings are concluded in Chapter 7 that highlights the contribution

of the thesis and indicates directions for future research.
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Chapter Three

Asymmetric impact of groundwater use

on hydrological droughts

Figure 3.1: Observing the impact of groundwater use, illustration by Jos Zanders
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3.1 Introduction

This chapter aims to meet the first research objective of this thesis by investigating the im-
pact of groundwater use on groundwater droughts (see also Figure 1.1). Human influence on
hydrological droughts is here thus approached as the impact of groundwater use on ground-
water droughts. For assessing the impact of groundwater use, a framework was developed
that compares near-natural groundwater sites to potentially impacted sites. The framework
consisted of two methodologies that compared and quantified the relative impact of ground-
water use on groundwater droughts using four regional study areas in England. Results
are summarised in a conceptual typology showing the asymmetric impact on groundwater
droughts. Further applications of the framework are discussed in chapter 4 and 5 showing
that this methodology can also be used to identify other aspects of human-influence, such

as the impact of enhanced recharge on groundwater droughts.

The presented chapter has been published in Hydrology and Earth System Sciences
(Wendt et al., 2020) before completion of this thesis. For this publication, DW has designed
the research and gathered data of the case studies. DW also developed the framework,
conducted the time series analysis, data representation, and writing up of the manuscript.
Co-authors (AVL, JB, DH) supervised and guided the research design and time series analysis
and contributed to the editing of the manuscript into the final version of the published

manuscript.

3.2 Background

Groundwater is an essential source of water supply, as it provides almost half the global

population with domestic water (Gun et al., 2012), 43% of the irrigation water (Siebert et
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al., 2010), and 27% of industrial water use (Do6ll et al., 2012), as well as sustaining ecologi-
cally important rivers and wetlands (Graaf et al., 2019). Groundwater use and dependency
on groundwater resources has grown in the past decades (Famiglietti, 2014), particularly
during meteorological droughts, when groundwater is used frequently (Taylor et al., 2013;

AghaKouchak, 2015).

Meteorological droughts propagate through the hydrological cycle, ultimately result-
ing in a groundwater drought (Wilhite, 2000; Van Lanen, 2006b), defined as below-normal
groundwater levels that are associated with short-term reductions in storage (Chang et al.,
1995; Tallaksen et al., 2004; Mishra et al., 2010). Increased use of groundwater before or dur-
ing meteorological droughts can also lower groundwater levels and thereby aggravate ground-
water droughts (Wada et al., 2013; Christian-Smith et al., 2015). Managing groundwater use
during droughts is therefore important, as overexploitation of groundwater has disastrous
consequences (Custodio, 2002; Famiglietti, 2014; Russo et al., 2017; Mustafa et al., 2017).
However, to date groundwater droughts have been studied under primarily near-natural con-
ditions and there is limited conceptual understanding of the impact of groundwater use on

groundwater droughts despite this being of interest to water regulators and policy makers.

Under near-natural conditions, the propagation of meteorological droughts to ground-
water droughts depends on the antecedent condition of the land surface, subsurface controls
on recharge, and non-linear response of groundwater systems (Eltahir et al., 1999; Peters
et al., 2006; Tallaksen et al., 2009). These processes determine the spatial distribution, dura-
tion, magnitude, and recovery of near-natural groundwater droughts (Van Lanen et al., 2013;
Van Loon, 2015; Parry et al., 2018). However, in human-modified environments, groundwa-
ter droughts are also impacted or driven by water use (Van Loon et al., 2016a). This type
of groundwater drought is therefore distinguished from a natural drought and referred to as

human-modified or human-induced drought (Van Loon et al., 2016¢).
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In human-modified environments, understanding the influence of groundwater use on
groundwater drought requires information related to the natural propagation of a drought
and groundwater use in time. Droughts are influenced by historical and recent abstractions,
as these change both short-term and long-term groundwater storage (Gleeson et al., 2017;
Thomas et al., 2015; Jackson et al., 2015). Unfortunately, information on groundwater
abstraction, if available at all, is often considered commercially confidential. Abstraction
records are usually unavailable for research, although often included in groundwater models
developed for commercial and regulatory purposes (Shepley et al., 2012). Consequently,
in absence of actual abstraction records qualitative information about groundwater use and
management regulations is invaluable to investigate the influence of groundwater abstraction
on groundwater droughts (Déll et al., 2014; Panda et al., 2007). However, the scale at which
management regulations are organised is often regional including multiple catchments that
might not cover the entire drought-impacted area (Tallaksen et al., 2009; Shepley et al.,
2012). Studying groundwater droughts in human-modified environments would therefore
require a regional approach to align the scale of a groundwater drought study with the scale

at which management decisions are made.

3.3 Aim

The aim of this chapter is to investigate impact of groundwater use on regional groundwater
droughts in the absence of actual abstraction data. To this end, a methodological framework
is designed to investigate groundwater droughts in water management units under a broad
range of conditions, i.e. from where groundwater use is a small proportion of the long-term
annual average recharge to where it is a significant proportion of the long-term annual average
recharge. A case study from the United Kingdom (UK) is used consisting of four water man-

agement units in two main aquifers. As is common elsewhere, no data is freely available on
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actual abstractions in the case study area. However, information indicating the annual max-
imum licensed abstraction is available and groundwater level observations are provided for
170 sites in the four water management units. Consequently, inferential approaches are used
to assess the impact of abstraction on groundwater droughts. We used two complementary
approaches. First, given the typically good correlation between precipitation and groundwa-
ter level time series under near-natural conditions (Bloomfield et al., 2013; Bloomfield et al.,
2015; Kumar et al., 2016), we used correlations defined by a limited number of near-natural
groundwater hydrographs as reference. Deviations from this reference correlation were then
used to qualitatively subdivide sites in on average uninfluenced and influenced by abstrac-
tion. This subdivision was used to characterise the impact of groundwater abstraction on
regional groundwater droughts. Second, long-term abstraction influence was investigated
through the spatial distribution of trends in groundwater level time series in relation to the
distribution of licensed abstractions. Results are discussed in terms of the role groundwater
abstraction plays in modifying near-natural groundwater droughts. A conceptual figure is
proposed suggesting that long-term groundwater abstraction may modify drought frequency,
duration, and magnitude depending on the balance between groundwater abstraction and

recharge.

3.4 Study area

The UK case study consists of four water management units (1: Lincolnshire, 2: Chilterns,
3: Midlands, 4: Shropshire) across Chalk and Permo-Triassic sandstone aquifers that are the
two main aquifers in the UK (Figure 3.2). The two aquifers have contrasting hydrogeological
characteristics. Regional groundwater flow and storage in the Chalk aquifer are dominated
by its primary fracture network (Bloomfield, 1996) and secondary solution-enhanced frac-

tures (Downing et al., 1993; Maurice et al., 2006). The response of Chalk groundwater

35



Asymmetric impact of groundwater use on hydrological droughts

hydrographs to driving meteorology is a function of regional variations in the nature of the
fracture network, extent of karstification, nature of overlying superficial deposits amongst
other factors (Allen et al., 1997). In the Permo-Triassic sandstone aquifer, groundwater flow
and storage are influenced by variations in the matrix porosity, aquifer thickness, and to some
extend on fracture characteristics (Shepley et al., 2008; Allen et al., 1997). Faults divide
the Permo-Triassic sandstone in separate sections, but their impact on regional groundwater
flow varies: some faults act as hydraulic barriers and others enhance permeability resulting
in increased recharge (Allen et al., 1997). Hydrographs in the Permo-Triassic sandstones
typically respond more slowly to driving meteorology than those in the Chalk (Bloomfield
et al., 2013) and are influenced by local variation in aquifer thickness and confinement by

superficial deposits.

Regional hydrological features of the four studied water management units in the
aquifers are summarised in Table 3.1. Two of these water management units are situated
in eastern England (Lincolnshire, unit 1) and central southern England (the Chilterns, unit
2) and are underlain by the Chalk aquifer. The other two water management units are
situated in central England (East Midlands, unit 3) and north west England (Shropshire,
unit 4) and are underlain by the Permo-Triassic sandstone aquifer. Groundwater is primarily
abstracted for public drinking water. Industrial, agricultural and environmental water use
represent a smaller proportion of groundwater use in the UK (Agency, 2019b). Abstractions
are licensed, which have changed since their introduction in 1963 (Ohdedar, 2017). As a
result of the implementation of the Water Framework Directive in 2000, abstraction licences
follow a water balance approach to ensure ‘good groundwater status’ resulting in an overall
reduction of licensed groundwater use (Environment Agency, 2016). Specific information
regarding the change in water use in these water management units is presented in Table 3.1

(see also additional references in the last column).
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3.5 Data and methods

3.5.1 Data

The analysis has been undertaken for a 30-year period (1984-2014) using precipitation, evap-
otranspiration, and groundwater level time series. This time period includes at least four
major droughts of a national spatial extent, namely: 1988-1994, 1995-1997, 2003-2006, and

2010-2012 (Durant, 2015).

Precipitation and potential evapotranspiration data were obtained from the GEAR
dataset (Tanguy et al., 2016) and the CHESS dataset (Robinson et al., 2016). The grid-
ded (1 km?) GEAR dataset contains interpolated monthly precipitation estimates derived
from the UK rain gauge network. The CHESS dataset is also gridded (1 km?) and contains
climate data, from which potential evapotranspiration estimates are computed using the
Penman-Monteith equation. We aggregated daily potential evapotranspiration estimates to
monthly sums. For both gridded datasets (GEAR and CHESS), grid cells were extracted
corresponding to groundwater well locations. The 1 km? gridded precipitation and poten-
tial evapotranspiration sums were compared to monthly groundwater observations of the
same location. This point-scale comparison relies on the assumption that the influence of
precipitation is largest surrounding a groundwater monitoring site (Bloomfield et al., 2013;

Bloomfield et al., 2015; Li et al., 2015; Kumar et al., 2016).

Precipitation estimates were converted into standardised precipitation indices (SPI)
following the method of Mckee et al. (1993). A gamma distribution was fitted to precip-
itation estimates, but alternative distributions were also tested (Normal, Pearson III, and
Logistic) (Stagge et al., 2015). Considering the use of SPI to account for delayed recharge,
a large range of accumulation periods of precipitation (1 to 100 months) was calculated in

order to find the optimal correlations between precipitation and groundwater time series.
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For this particular use of the SPI, the ‘best’ fitting distribution varies (Svensson et al.,
2017). Alternative distributions showed minimal differences from the gamma distribution in
the computed correlations between standardised precipitation and groundwater time series,

hence we decided to use the gamma distribution.

Groundwater level time series were obtained from the national groundwater database
in the UK, which contains time series for both reference wells and regular monitoring wells.
209 wells (or sites) have been included in the analysis, of which 39 are reference sites and
170 regular monitoring sites. Reference sites were taken to represent near-natural conditions
in the 30-year time period. These sites were selected from the Index and Observation wells
listed in the UK Hydrometric Register (Marsh et al., 2008) and have previously been as-
sessed by the British Geological Survey. Well descriptions indicate near-natural conditions
or possible (intermittent) influence of groundwater abstraction. Wells selected for this study
are categorised as near-natural reflecting regional variation in groundwater levels with min-
imal abstraction impacts. This selection of reference wells includes 30 wells in the Chalk
and 9 wells in the Permo-Triassic sandstone. Regular monitoring sites are part of the mon-
itoring network in the four water management units. Initially, 660 monitoring sites were
considered for the regional groundwater drought analysis that were truncated to the 30-year
analysis period and quality checked. Unrealistic observations were cross-validated with avail-
able meta-data, and if unexplained, removed from the dataset. Missing data were linearly
interpolated from the last observation to the next observation in case of short sequences of
missing data (less than 6 months) (Tallaksen et al., 2004; Thomas et al., 2016). Sites with
records containing longer sequences of missing data were removed from the dataset prior to
the analysis leaving a total of 170 (out of the original 660) groundwater level time series that
were deemed of good quality, of which 38 were located in Lincolnshire, 45 in Chilterns, 36

in Midlands, and 51 in Shropshire.

All groundwater level time series were standardised into the Standardised Ground-

39



Asymmetric impact of groundwater use on hydrological droughts

water level Index (SGI) (Bloomfield et al., 2013), which is briefly explained here. Monthly
groundwater observations were grouped for each calendar month and within each group
observations were ranked and assigned a SGI value based on an inverse normal cumulative
distribution of the data. No distribution was fitted, but SGI values were assigned to monthly
observations accounting for seasonal variation within the calendar year. The resulting SGI
time series represent extremely low to below-normal (—3 < SGI < 0) and above-normal to
extremely high (0 > SGI > 3) monthly groundwater levels in the groundwater time series.
Groundwater level observations are physically constrained by length of the screened interval
of the borehole. Therefore, the lowest SGI value might indicate that groundwater levels fell
below the borehole screen and highest SGI value can indicate groundwater levels reached

the surface.

Qualitative information about groundwater use was provided for each water manage-
ment unit by the national regulator (the Environment Agency (EA) in England). Detailed
maps were made available regarding the purpose and recent (dated at 2015) licensed abstrac-
tion volumes (see Figure S1). In addition, reports describing the EA’s regional groundwater
resource models and location-specific groundwater studies were used as reference material to

indicate changes in groundwater use (Table 3.1).

3.5.2 Methods

The developed methodological framework consists of two approaches to investigate the im-
pact of groundwater use on groundwater droughts. The first approach uses a regional near-
natural groundwater drought reference based on reference sites. SGI time series of refer-
ence sites are clustered to identify common spatial and temporal patterns in near-natural
groundwater levels in the two aquifers. Reference sites were thereby taken to represent re-

gional groundwater variation that is primarily driven by climate and hydrogeology. Then,

40



Asymmetric impact of groundwater use on hydrological droughts

monitoring wells in each of the four water management units were paired to these regionally-
coincident clusters of reference wells (Figure 3.2) and human-influenced sites are identified
using the correlation between SPI and SGI. Drought occurrence, duration, and magnitude
in monitoring wells were compared with those in paired reference clusters to assess potential
effects of abstraction on groundwater droughts. The second approach consisted of a ground-
water trend test that quantified long-term trends as a consequence of continuous impact of
groundwater use. The spatial distribution of identified trends was evaluated according to the
location of annual abstraction licences, changes in water use, and hydrogeological features

in the water management units.

Time series clustering

Three hierarchical clustering methods (single linkage, complete linkage, and Ward’s mini-
mum) were tested to find the most suitable and least biased approach for clustering SGI
time series of the reference sites (Haaf et al., 2018). In each method, Euclidean distance was
used as measure of similarity and cluster compositions that showed the least overlap between
clusters were selected (Aghabozorgi et al., 2015). Criteria for selected clusters were set by
previous studies (Chalk aquifer only) and known hydrogeological differences in the aquifers.
For both aquifers, the minimum number of hydrograph clusters was sought that produced

spatially-coherent clusters.

Correlation between SPI;-SGI

Under near-natural conditions, the optimum correlation between standardised precipitation
and groundwater indices (SPIo-SGI) is generally high in unconfined aquifers (Bloomfield et
al., 2013). Anomalies in precipitation propagate with a relatively constant delay in recharge

to the groundwater, which is due to, subsurface controls on recharge, the antecedent condition
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of the land surface, and non-linear response of groundwater systems (Eltahir et al., 1999;
Peters et al., 2006; Tallaksen et al., 2009). This constant delay is included in the calculated
SPIg-SGI correlation by the optimal precipitation accumulation period that represents a
long-term relationship for a certain site, as both the SPI and SGI were calculated for a

continuous 30-year period including all seasons and both anomalously dry and wet periods.

The SPI,-SGI correlation can be reduced when groundwater level response becomes
disconnected from driving precipitation under confined conditions (Bloomfield et al., 2015;
Kumar et al., 2016; Lee et al., 2018) or when groundwater abstraction changes groundwater
storage and levels independent from driving precipitation (Bloomfield et al., 2015; Lorenzo-
Lacruz et al., 2017; Haas et al., 2017). In this study, the impact of confined conditions
on reducing SPIo-SGI correlations is expected to be minimal, as only a small selection
of Chalk sites are located in the semi-confined Chalk in South Lincolnshire (Table 3.1).
On the other hand, the impact of dynamic groundwater use on SPIg-SGI correlations is
expected to be significant. Long-term changes in groundwater use in the UK resulted in a
spatially heterogeneous pattern of irregular, decreasing, or increasing influence of abstraction
on groundwater storage. Groundwater use increased, for example, until the late 1980s and
reduced afterwards with a large redistribution of where water is taken from to minimise the

impacts on low flows (Ohdedar, 2017).

The presence or absence of human-influence on groundwater observations in the wa-
ter management units was determined on the basis of the SPIp-SGI in each near-natural
reference cluster. For each cluster, the lowest SPI,-SGI correlation was used as a threshold
to differentiate long-term influenced from uninfluenced groundwater monitoring sites. Mon-
itoring wells with high or higher SPIp-SGI correlations than the near-natural reference are
regarded as (on average over the 30-year investigation period) uninfluenced and those with
lower correlations as potentially human-influenced. An illustrated example is provided in

Figure S2 showing SGI time series of a near-natural reference site and three groundwater
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monitoring sites. Statistical differences between the categorised uninfluenced and influenced

sites were computed using a non-parametric Wilcox test.

Drought analysis

Groundwater droughts were defined using a threshold approach applied to SGI time series.
Groundwater droughts are considered to occur when the SGI value is at or below -0.84,
which corresponds to a 80 percentile or a ‘once every 5 year drought event’ (Yevjevich,
1967; Tallaksen et al., 2004; Tallaksen et al., 2009). Drought characteristics were compared
between near-natural reference clusters and monitoring sites focusing on drought occurrence,

frequency, duration, and magnitude.

Trend test

The second approach consisted of a monotonic trend test applied to all monitoring sites
given the previously identified trends in human-modified groundwater systems (Thomas et
al., 2015; Sadri et al., 2016; Bhanja et al., 2017; Pathak et al., 2018). This trend test
contributes to the first approach, as the SGI and SPIo-SGI correlation analysis do not
specifically account for trends in groundwater time series that could result in significant
trends going unnoticed. Hence, an additional trend test was introduced to compare trends
in annual (averaged for each calendar year) groundwater levels to climate data (precipitation
and evapotranspiration) that were extracted for grid cells corresponding to groundwater well

locations from the GEAR and CHESS datasets (Tanguy et al., 2016; Robinson et al., 2016).

Trends were quantified by the trend 7Z value showing positive or negative devia-
tions from the null hypothesis (no trend). Positive/negative Z values indicated increas-

ing/decreasing trend directions. |Z| values over |2.56| (o = 0.01) were considered significant.
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Trends in groundwater level time series were tested using a modified Mann-Kendall trend
test (Mann, 1945; Kendall, 1948), which includes a modification developed by Yue et al.
(2004) to account for significant auto-correlation in the annual groundwater data (Hamed,
2008). Trends in climate time series were also calculated from annual data using a standard

Mann-Kendall trend test.

3.6 Results

3.6.1 Near-natural groundwater reference clusters

The near-natural groundwater reference clusters, based on SGI clusters of the reference wells
and the clustering criteria, were defined by Ward’s minimum clustering technique showing
the least overlap between clusters of the three tested clustering techniques (Figure S3). Eight
clusters are identified, of which five clusters are located in the Chalk (C1-5) and three in
the Permo-Triassic Sandstone (S1-3) (Figure 3.2). The spatial distribution of Chalk clusters
(C1, C3, C4) is consistent with clusters identified by Marchant et al. (2018). Two additional
clusters are identified, of which one is located in East Anglia (5 reference wells in C2) and
one in South East England (2 wells in C5). The cluster dendrogram shows a small difference
in similarity between C4 and C5, which is located close to the coastline (cluster dendrogram
result not shown; difference between C4 and C5 is shown in Fig. S3). C1 and C3 are
coincident with water management unit 1 and 2 respectively, and are used as near-natural
reference for monitoring sites in those units. In the Permo-Triassic sandstone aquifer, only
one spatially coherent cluster (S2) is found when all nine SGI time series are clustered (Figure
3.2). The cluster composition of the other two smaller clusters (S1 and S3) is not spatially
coherent and there is no evidence of previous clustering studies available that can confirm

these two clusters. Hence, only S2 is used as near-natural reference for monitoring sites in
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water management units 3 and 4.

The optimal SPI-SGI correlations of near-natural wells are high on average (0.79)
with a range of 0.66 to 0.89. These correlations are found using the optimal accumulation
period, which accounts for delay in recharge that is different for each reference cluster. High
SPIg-SGI correlations are found for both short and long accumulation periods and there
was no systematic relationship between the SPI-SGI correlation and the SPI accumulation
period Q or SGI autocorrelation in the near-natural wells. C1 represents a relatively fast-
responding section of the Chalk and has a short Q of 12.64+5.4 months. The Q of C2 and
C3 is higher, respectively 18.24+4.3 and 24+8.6 months. This corresponds to the delay in
groundwater recharge due to the Quaternary deposits present in these regions (Allen et al.,
1997). In the South East, the Chalk is highly fractured, which is reflected by a short Q
of 8+2.2 months for C4 and C5. In the Permo-Triassic sandstone, the Q of S2 is 354+4.5

months, which confirms a slow-responding groundwater system (Allen et al., 1997).

In the monitoring sites, the majority of the SPIo-SGI correlations are as high or
higher than the minimum correlation of paired reference clusters. Hence, these monitoring
sites are considered, on average, uninfluenced by abstraction. The percentage of uninfluenced
sites varies between the water management units. The largest percentage is found in the
Chilterns (71%), followed by the Midlands (63%), Shropshire (53%), and Lincolnshire (31%).
Monitoring sites with a SPIo-SGI correlation below the minimum correlation of the paired

reference cluster are treated as on average influenced by abstraction.

The found optimal precipitation accumulation periods within the management units
is variable and appears to be in part a function of aquifer depth and the local nature of
aquifer confinement (Figure S4). For example, shorter accumulation periods are found in
shallow sections of the aquifer (East Shropshire and West Chilterns), and in outcrops (East

Lincolnshire). Longer accumulation periods are found in deep sections of the Permo-Triassic
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aquifer (West Shropshire) and semi-confined sections of the Permo-Triassic (Midlands) and

Chalk aquifer (East Chilterns, and South East Lincolnshire).

3.6.2 Groundwater droughts

Groundwater droughts observed in the reference clusters reflect both spatial and temporal
variation due driving precipitation and hydrogeology setting. In general, the four UK-wide
droughts (1988-1993, 1995-1998, 2003-2006, and 2010-2012) are reflected in near-natural
groundwater time series. Spatial patterns in driving precipitation, however, result in variable
groundwater drought occurrence (Figure 3.2). For example, in C1 groundwater levels are
low in 2003-06, but not below the drought threshold. In C2, groundwater levels are slightly
lower and a short drought event is observed in the SGI cluster mean. In C3-5 and S2,
however, the 2003-06 drought event was a major drought event. Spatial variation in the
hydrogeology also results in varying drought duration for the Chalk clusters. In central
England, longer drought durations are found in clusters C2 and C3. This region is partly
covered by Quaternary deposits that delays recharge. Shorter (and more frequent) events

are observed in C4 and C5, which are located in highly fractured Chalk.

On a smaller scale in the water management units, average drought characteristics
(duration in months, magnitude in accumulated SGI over the drought period, and frequency)
for monitoring sites show differences due to abstraction influence, which we have classified
in, on average, uninfluenced and influenced sites, see Table 3.2. Shorter and less intense, but
more frequent drought events are observed in the influenced sites in Lincolnshire, Chilterns,
and Shropshire. In these water management units, the difference in average drought dura-
tion and frequency between uninfluenced and influenced sites is significant. Droughts are
observed twice as often in influenced compared to uninfluenced sites in Lincolnshire and

Chilterns, although a smaller difference is found in Shropshire. The distribution of recorded
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Figure 3.2: A total of eight clusters based on the 39 reference groundwater sites in the
Permo-Triassic sandstone and Chalk aquifer are shown, representing long-term near-natural
groundwater level variation. All time series are standardised for the 30-year time period
(1984-2014). In the centre, locations of the reference wells are shown marked by the dots in
different colours for all eight clusters. The four water management units are indicated in dark
red (regular groundwater monitoring sites in red triangles). Three of these units coincide
with reference clusters: 1: Lincolnshire (C1), 2: Chilterns (C3), and 4: Shropshire (S2). S2
is also used to compare water management unit 3 (Midlands) as this is the nearest reference
cluster in the Permo-Triassic sandstone. In the panels left (Permo-Triassic sandstone) and
right (Chalk), SGI time series are shown for each cluster, showing the cluster mean (thick
line), the range of all reference wells in the cluster (shading) and reference droughts of the

cluster mean (filled area).
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Table 3.2: Average drought characteristics (duration, magnitude, and frequency) of all mon-
itoring sites in the four water management units. 5 - 95" percentile of the drought charac-
teristics are in parentheses. Distribution plots for all drought characteristics can be found in
55,56,57. The monitoring sites are separated using the lower limit of the cluster SPIp-SGI
into on average uninfluenced and influenced. Differences between the two groups are tested

for significance using a Wilcox test. Tests for which the p<0.05 are in bold.

Uninfluenced | Duration (in months) Magnitude (from SGI) Frequency
wells (%) Uninfluenced ~ Influenced Uninfluenced Influenced Uninfluenced Influenced
Average Average Average Average Average Average
1: Lincolnshire | 31 7.6 (1-28) 3.3 (1-12) |-3.4(-19--0.05)  -1.5 (-6.1 - -0.05) 11.0 (4-17) 24.9 (12 - 36)
2: Chilterns | 71 8.67 (1-24) 3.4 (1-11) | -3.9 (-15 - -0.05) -1.54 (-6.5 - -0.05) | 10.0 (5 - 18)  25.4 (9 - 34)
3: Midlands | 63 9.89 (1-36) 116 (1-45) |-4.5 (-22--0.05)  -5.3 (-26 - -0.05) 9.5 (3-16) 9.0 (4 - 20)
4: Shropshire | 53 6.8 (1-24) 5.0 (1-24) |-3.1(-14--005)  -2.3 (-12 - -0.05) 11.9 (5-17) 15.7 (10 - 24)

drought frequency (Figure S5) shows that the difference between on average uninfluenced
and influenced sites is actually less pronounced in Lincolnshire and Shropshire. In the Mid-
lands, average drought duration of influenced sites exceeds the duration in uninfluenced sites.
Longer and more intense groundwater droughts occurred less often in influenced sites, which
is in contrast with the other water management units. The distribution of recorded drought
frequency (Figure S5) shows a majority of sites recording fewer droughts and some sites
that record a higher frequency. On average, this results in a small difference between the

influenced and uninfluenced sites.

Presented drought characteristics in Table 3.2 suggest that drought events vary sig-
nificantly within and between water management units. These different drought events are
shown in a combined time series plot (Figure 3.3) capturing reference droughts and droughts
recorded in monitoring sites showing drought occurrence, duration, and magnitude. Mon-
itoring sites are sorted based on their SPI-SGI correlation (high to low). The cluster

minimum SPIg-SGI correlation is indicated with a dashed line, i.e. 0.75 for Lincolnshire,
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0.71 in the Chilterns, and 0.69 in the Midlands and Shropshire. Below this minimum corre-
lation, drought occurrence in uninfluenced sites aligns mostly with that of droughts in the
reference clusters. Observed droughts in influenced sites (those with SPI,-SGI correlations
lower than the cluster minimum) are typically shorter, but drought events of a lower mag-
nitude in Lincolnshire, Chilterns, and Shropshire. The distribution of drought duration in
Figure S6 shows that the majority of these additional droughts is recorded in influenced sites
compared to uninfluenced sites in Lincolnshire, Chilterns, and Shropshire (drought deficit
distribution is shown in S7). Contrastingly, longer and more intense droughts are observed
in all Midland sites in 1990-95. Droughts observed in influenced sites are also longer in
1984-1986, 1997-2001, and 2005-06 compared to the reference cluster and fewer droughts are

observed in 2010-12.

The additional events in influenced sites coincide with low SGI values in the reference
wells that sometimes occur prior to a long drought event. For example, additional droughts
are observed in 1984, 1995-96, 2005-06, and 2014 in Lincolnshire, and in 1984-86, 2004,
and 2009-10 in the Chilterns. In those periods, the reference cluster mean was below 0,
but not below the drought threshold. In the case of 1995-96, 2004, and 2009-10, these
additional drought events occurred prior to a long drought event. However, there was no
consistent evidence found between the study areas in relation to the timing of these shorter
drought events. In Lincolnshire, minor droughts occur more often during reference droughts
compared to Chilterns and Shropshire, where more droughts are detected prior to reference
droughts (Table S8). All minor droughts are shorter than the groundwater auto-correlation
suggesting that these minor droughts are less likely to be related to propagated precipitation

deficits and more likely to be related to groundwater abstraction.

Drought descriptions in the literature show an increase in water demand during the
1995-97, 2003-06 and 2010-12 drought (Walker et al., 1998; Marsh et al., 2013; Durant, 2015).

For example, Durant (2015) found that during the 1988-93 drought event evapotranspiration
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was exceptionally high and groundwater use increased. Impacts were mostly felt in the
Chalk, particularly in regions where groundwater is the principal source of water supply. An
extreme rise in water use was also found during the 1995-1997 drought event putting strain
on drinking water supply systems in North East England (Walker et al., 1998). Sections of
the Permo-Triassic sandstone were amongst the worst affected prolonging drought conditions
until 1998 (Durant, 2015). During the 2003-06 and 2010-12 droughts, a sudden increase in
groundwater use was found that was attributed to dry weather and hot summers (Marsh
et al., 2007; Marsh et al., 2013; Durant, 2015). Rey et al. (2017) reported low SPI3 values
in summer months for 1995, 1996, 2003-2006, and 2010-2011 highlighting exceptional dry
weather that led to surface water use restrictions prior to droughts to maintain low flows.
Consequently, reduced surface water abstractions were replaced by groundwater, for which
use was rarely restricted (Rey et al., 2017) resulting in lowered groundwater levels and could

also potentially aggravating groundwater droughts.

Over the whole investigation period, drought magnitude seems to be decreasing since
the 1995-1997 drought event. Droughts observed in 2003-2006 and 2010-12 are shorter and
of lower magnitude than the 1995-97 drought in most sites. This is seen most convincingly
in Lincolnshire, Chilterns and the Midlands, where the magnitude of droughts decreases
dramatically over the 30-year time period. In Shropshire, this tendency is less strong, as the

2010-12 drought was of a similar magnitude as the 1995-1997 drought.

3.6.3 Trends in groundwater

Significant trends in groundwater level have been detected in 38% of all monitoring sites in
the water management units. Of these 38%), half of the trends are upward (positive) and the
other half is downward (negative) trends (Figure 3.4). Overall, upward trends are dominating

(61% of sites including significant and non-significant trends) indicating a sustained rise in the
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Figure 3.3: Drought occurrence, duration, and magnitude shown for all four water manage-
ment units: 1: Lincolnshire, 2: Chilterns, 3: Midlands and 4: Shropshire. The top panel
shows the SGI hydrograph of the reference cluster mean based on reference sites (see Figure
3.2 for the locations of these clusters). The range of reference clusters is coloured in grey. The
dotted line represents the drought threshold for the cluster mean with shaded areas for the
reference drought events. These reference drought events are also shown in long grey panels
in the lower plot that shows the individual droughts as found in monitoring sites in each
water management unit. The length of coloured bars indicates the drought duration and the

colour represents drought magnitude of each drought in blue-red scale for accumulated SGI.
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30-year groundwater level time series. Fewer (39% including significant and non-significant)
downward trends are detected indicating sustained lowering of groundwater levels. The
presence of these significant trends in groundwater is notable given the weak, non-significant,
range of trend Z values in the 30-year precipitation and potential evapotranspiration data

(P: Z = —0.75 - 1.53, PET: Z = 0 - 0.65).

The direction and spatial coherence of trends in groundwater show different patterns
within the water management units (Figure 3.4). In the Chalk water management units,
positive trends dominate. In Lincolnshire, 5 out of the total 25 positive trends are significant,
compared to 3 out of 32 in Chilterns. There are fewer negative trends detected in both water
management units, but more of these are significant, respectively 7 out of 13 in Lincolnshire
and 4 out of 12 in Chilterns. In Lincolnshire, sites with a negative trend are, all but one,
located in the semi-confined Chalk. This is in sharp contrast with the semi-confined Chalk
in Chilterns, where mainly (significant) positive trends are found. In the Permo-Triassic
sandstone water management units, more significant trends are detected compared to the
Chalk (63% in Midlands and 43% in Shropshire). In the Midlands, more positive than
negative trends are detected. In total, 17 out of 25 positive trends are significant, compared
to 6 out of 11 significant negative trends. Negative trends are mainly found in the centre of
the water management unit. Positive trends are found north and south of that. In Shropshire,
more negative than positive trends are detected. 31 sites have a negative trend, of which
15 significant. These trends are mainly detected in the west of the water management unit.
Positive trends are mainly located east in between two fault lines (Ollerton and Childs Ercall
Fault; Voyce 2008). Seven of these positive trends (20 in total) are significant. In Fig. 3.4, the
maximum licensed abstraction volumes are also shown. These licences show in which aquifer
sections groundwater is primarily abstracted. However, without a record of the actual use
of these licences or the change of licensed abstractions over time, it is impossible to directly

relate detected trends to these abstraction locations.
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Figure 3.4: Trend values for monitoring wells in the four water management units (1: Lin-
colnshire, 2: Chilterns, 3: Midlands, 4: Shropshire). The red and blue diamonds indicate the
positive or negative Z values for the Modified Mann-Kendall trend test for each monitoring
well. Z values over |2.56| indicate a significant trend in the 30-year (1984-2014) groundwater

level time series.
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3.7 Discussion

Presented results of the UK case study show that groundwater droughts in the Chalk and
Permo-Triassic sandstone aquifer are primarily driven by precipitation, and modified by the
hydrogeology setting and groundwater use. The precipitation gradient was the primary driver
for regional variation in near-natural groundwater droughts in 1989-1992 and 2003-06, which
is confirmed by the work of Bryant et al. (1994) and Marsh et al. (2007). This explains
the absence of a groundwater drought in 2003-06 in the northern Chalk (C1), compared
to the southern Chalk (C2-C5). Regional variation of near-natural droughts within the
different hydrogeological units was linked to the hydrogeological setting, as accumulation
period varied in each reference cluster. These accumulation periods align with previous
findings of Bloomfield et al. (2013). On a smaller scale, accumulation periods varied gradually
within the water management units, as a function of aquifer depth and confinement of the
aquifer, which was also found by Kumar et al. (2016), Van Loon et al. (2017), and Haas et al.
(2017). The relation between accumulation period and groundwater drought duration, as
observed in the reference clusters, corresponds to that of groundwater memory and drought

duration for near-natural observations (Bloomfield et al., 2013).

Impact of groundwater use on groundwater droughts is detected in a subset of moni-
toring sites in all four water management units. This subset often represents a minority of
monitoring sites. Two patterns are found that illustrate an asymmetric impact of water use
on groundwater droughts. The first pattern (found in three water management units) is that
of more, but shorter and less intense droughts that are primarily observed in the on average
influenced sites compared to uninfluenced sites. The second pattern (found in one water
management unit) shows the opposite impact with less, but longer groundwater droughts in
on average influenced compared to uninfluenced sites. Both patterns are inferred as a direct

consequence of groundwater use in the water management units.
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The first pattern, apparent in Lincolnshire, Chilterns, and Shropshire, shows an in-
crease in short drought events in influenced sites that sometimes occur before a major drought
event or during unusual dry period that results in a rapid increase in both surface water and
groundwater use (Walker et al., 1998; Marsh et al., 2013; Durant, 2015) and/or comple-
mentary groundwater use due to surface water use restrictions (Rey et al., 2017; Rio et al.,
2018). We see the effect of this local increase in water use in our data in the temporarily
lowered groundwater levels resulting in additional drought events. The majority of these
events occur in influenced sites, but some of the (on average) uninfluenced sites also show
minor droughts. Given the high correlation in these uninfluenced sites, the minor droughts
seem not to disturb the long-term average correlation. The short duration and low intensity
of these additional droughts suggests that local groundwater levels recover quickly. Whether
groundwater was removed from groundwater storage or capture (impacting environmental
flows) remains unknown (Konikow et al., 2014), although the short duration and rapid re-
covery suggest that an equilibrium was established soon after the abstractions. Regional
groundwater model studies show that the annual average actual abstractions are smaller
than modelled recharge for Lincolnshire, Chilterns, and Shropshire. The long-term ratio ab-
straction to recharge is 0.67 (Hutchinson et al., 2012), 0.5 (Environment Agency, 2010), 0.5
(Shepley et al., 2007) for the three water management units respectively. Even though these
ratios are calculated using data from different regional groundwater models, the long-term
balance between groundwater use and recharge is positive, which might be related to the

overall reduced drought duration and magnitude observed in influenced sites.

The second pattern, apparent in the Midlands, shows intensified groundwater droughts
that occur less often. Most of the intensified drought events are observed prior to 2001 with
lengthened droughts in 1984-1986, 1990-95, 1997-2001. Lengthening of droughts is a com-
mon phenomenon in overused groundwater systems (Custodio, 2002). In the Midlands,

prior to 2000, groundwater abstraction exceeded modelled recharge by 25% (Shepley et al.,
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2008). The over-abstraction resulted in lower stream flow in the area (Shepley et al., 2008)
suggesting that water is removed from capture (Konikow et al., 2014). Reforms of water allo-
cations in 2000 have reduced groundwater abstractions to meet the long-term water balance.
These long-term changes in groundwater abstractions match with the majority of significant

positive groundwater trends in the Midlands.

Long-term influence of groundwater use was inferred from identified trends in the
groundwater level time series. Large spatial differences are found in the direction of ground-
water trends in both aquifers, while trends in precipitation and potential evapotranspiration
are negligible. Positive groundwater trends dominate in the water management units, which
may be a result of the reduction of groundwater use since 1984 (start of the investigation
period of this study). A gradual or immediate reduction in water use can restore the balance
between groundwater use and recharge (Gleeson et al., 2010; Konikow, 2011), although it
can take decades before an equilibrium is reached (Gleeson et al., 2012a). This slow rise or
recovery to pre-development groundwater levels is not specifically included in the classifica-
tion of influenced and uninfluenced monitoring sites, as a (slow) rise in groundwater level
might not disturb the propagation of precipitation anomalies. SGI and SPI anomalies could
in this case synchronise well resulting in a high linear correlation, while a long-term positive
trend is observed as groundwater levels slowly recover. Over longer time periods, these ris-
ing groundwater levels could also buffer precipitation anomalies. In our results, groundwater
droughts show an overall reduction in magnitude and duration from 1984 to 2014. Most
intense droughts are found during in the first two decades (1984-2004) of the time period.
Even though this coincides with a reduction of groundwater use, more research is required

to distinguish climate-driven droughts from human-modified droughts.

A conceptual typology is presented in Figure 3.5 summarising near-natural drought,
two types of human-modified droughts as found in the water management units, and an

extreme condition of human-modified drought. Under near-natural conditions, groundwater
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droughts occur given the climate forcing and hydrogeological setting (upper panel in Figure
3.5). In human-modified environments, the impact of groundwater use on groundwater
droughts is asymmetric. In regions where the annual average groundwater use is smaller
than the annual average recharge, the frequency of groundwater droughts increases resulting
in shorter events of a lower magnitude (second panel in Figure 3.5). This corresponds to the
‘dynamic sustainable range’ as presented in the conceptual model of Gleeson et al. (2020). In
regions where the annual average groundwater use approaches annual average recharge, the
opposite is found with less, but prolonged droughts of higher magnitude and duration (third
panel in Figure 3.5) corresponding to strategic aquifer depletion, when meeting the dynamic
sustainable range over a long time scale (Gleeson et al., 2020). The last panel shows extreme
conditions of groundwater depletion, in which groundwater droughts are not recovering by
the average annual recharge and groundwater levels tend to fall consistently. These extremes
conditions are not identified in the UK, but the heavily intensified and lengthened droughts
are found in California (He et al., 2017), Australia (Leblanc et al., 2009), Spain (Van Loon

et al., 2013), Bangladesh (Mustafa et al., 2017) and India (Asoka et al., 2017).

Further research is required to analyse the modifying effects on droughts of a change
in water use over time. In this study, we have investigated the overall long-term impact of
groundwater use using monotonic trends in groundwater. However, a different methodology
is required to evaluate the impact of new water regulations on groundwater droughts (Bhanja
et al., 2017). For example, an observation-modelling or conceptual modelling approach can
be used to differentiate pre- and post-regulation groundwater droughts (Van Loon et al.,
2016¢; Kakaei et al., 2019; Liu et al., 2016). This future modelling work could also provide
context for long-term water management effects, natural variability, non-stationary effects
of anthropogenic climate change (specifically warming) on changes in groundwater drought

characteristics (Bloomfield et al., 2019).

Further applications of this study could be beneficial for water regulators and sci-
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Figure 3.5: Conceptual figure summarising near-natural groundwater droughts (a) and three
human-modified groundwater droughts with increasing intensity of impact of groundwater
use. The top panel shows an example of near-natural groundwater droughts, followed by
human-modified droughts when annual average abstractions are smaller than the annual
average groundwater recharge (b) identified in the three water management units in the
UK). Modified groundwater droughts when annual average abstractions approaches recharge
(c) identified in one water management unit in the UK), and extreme groundwater drought

conditions when average annual abstractions exceed recharge (d) not observed in the UK).
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entists alike, as the presented conceptual typology can be used to investigate the impact
of groundwater use without having to obtain time series of actual groundwater abstrac-
tions. The developed methodology shows how qualitative information on groundwater use
and annual long-term averages aid to get a better understanding of asymmetric impact of
groundwater use on groundwater droughts. Considering the large-scale modification of the
hydrological cycle and the consequences for droughts (Van Loon et al., 2016a), it is impor-
tant to further this approach and investigate the sustainable use of groundwater resources

(Gleeson et al., 2020).

3.8 Conclusions

The impact of groundwater use on groundwater droughts is investigated based on a com-
parison of potentially influenced groundwater monitoring sites and near-natural reference
sites in the UK. Results show that long-term groundwater use has an asymmetric impact
on groundwater droughts for a subset of influenced groundwater monitoring sites in water
management units in the UK. A conceptual typology summarises these different patterns
in groundwater drought occurrence, duration, and magnitude. The first type (identified in
three water management units) shows an increase in groundwater droughts with a low mag-
nitude, of which the timing sometimes coincides with periods of a high water demand. This
is found in three water management units where the long-term water balance is positive and
annual average groundwater abstractions are less than groundwater recharge. The second
type is marked by lengthened, more intense groundwater droughts. This is found in one wa-
ter management unit where annual average groundwater abstractions temporarily exceeded
recharge. The balance between long-term groundwater use and recharge seems to explain the
asymmetric impact of groundwater use on groundwater droughts. However, more research

is required to investigate the impact of changes in water use. During the period of inves-
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tigation, regulated groundwater abstractions have reduced and our results show a majority
of rising groundwater trends based on 30 years of data. Further research could potentially

indicate how droughts are affected by these changes in water use.

In conclusion, this study presents a conceptual typology to analyse groundwater
droughts under human-modified conditions. We found that human-modified droughts differ
in frequency, duration, and magnitude depending on the long-term balance between ground-
water use and recharge. This highlights the relation between short-term and long-term

groundwater sustainability.

3.9 Chapter summary

In summary, this chapter presents a new framework based on statistical time series analysis
to assess the impact of groundwater use on groundwater droughts. Moreover, in the assessed
four case study areas an asymmetric impact of groundwater use on groundwater droughts was
identified revealing the importance of the long-term balance between recharge and ground-
water use. The summarising conceptual typology shows how groundwater droughts may be
modified from a near-natural groundwater drought as a function of the long-term balance
between recharge and groundwater use. These findings highlight not only the possibility of
assessing human-influence on hydrological droughts using groundwater level observations,
but also show that human-influence on groundwater droughts is a dynamic concept. Both
short-term and long-term changes in groundwater use impact the long-term balance between
groundwater recharge and water use that ultimately result in an asymmetric impact on
hydrological droughts. Further implications of these findings are discussed in the Conclu-
sion and outlook of the thesis (Chapter 7). Before that, human-influence on groundwater

droughts is further investigated using this developed framework applied to a case study with
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enhanced recharge in the next chapters (Chapter 4 and 5) and the impact of groundwater

use in combination with other drought mitigation strategies in Chapter 6.
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Chapter Four

Exploring the long-term impact of

Managed Aquifer Recharge in Southern

California

Figure 4.1: An exploration for water in a dry landscape, illustration by Jos Zanders
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4.1 Introduction

This chapter focuses on the second research aim investigating the impact of enhanced ground-
water recharge or Managed Aquifer Recharge (MAR) on hydrological droughts. In this rela-
tively short chapter, the presented methodology in Chapter 3 is applied to a different setting
and different kind of human influence (see also Figure 1.1 and 2.1). The novelty of this
chapter is the application of a regional groundwater analysis to a case study with large-scale
enhanced recharge. In Southern California, large-scale MAR was first introduced in the 1960s
and since more MAR facilities are operational. Despite the presence of multiple large-scale
MAR facilities, the regional impact of MAR on groundwater storage remains unknown. This
chapter explores regional and long-term impact of the MAR facilities. Chapter 5 continues
this approach and discusses the impact of MAR on hydrological droughts and together the

two chapters address the second research objective (see also Figure 2.1).

This chapter has been published in ISMAR10 conference proceedings (Wendt et al.,
2019), for which the author contributions were the following: DW, Bridget Scanlon, and AVL
conceived and designed the study. Bridget Scanlon contributed the data. DW performed the
analysis and wrote the paper, supervised by AVL. All authors contributed to the manuscript

that has been approved for publication in the conference proceedings series of ISMAR10.

4.2 Background

Continuous groundwater use can jeopardise groundwater sustainability, since groundwater
abstractions might not be in balance with groundwater recharge (Gleeson et al., 2010;
Famiglietti, 2014; Thomas et al., 2017a). A well-known example is the Central Valley in

California, where the majority of groundwater basins is critically overexploited (Bertoldi
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et al.,, 1991; Faunt et al., 2009; Famiglietti et al., 2011; Faunt et al., 2016). Continuous
groundwater abstractions exceed groundwater recharge, which results in falling groundwa-
ter levels and changes in regional groundwater flow in the Central Valley (Bertoldi et al.,
1991; Faunt et al., 2009). Regional groundwater flow used to sustain large lakes (Kern and
Tulare Lake) in the topographically-closed aquifer, but these lakes dried up in 1900 due to
large-scale agricultural groundwater use (Preston, 1981; Bertoldi et al., 1991). Another per-
manent consequence of the sustained groundwater loss is subsidence in Southern California
that reduces the long-term storage capacity of the aquifer (Faunt et al., 2009; Ojha et al.,
2017).

Management techniques to increase groundwater recharge are reviewed as potential to
reverse declining groundwater levels in Southern California (Scanlon et al., 2016). Managed
Aquifer Recharge (MAR) was initiated in 1960 to meet the agricultural demand locally
and reduce dependency of imported surface water (KCWA, 2010; Scanlon et al., 2012a).
MAR projects were designed to overcome short dry periods and potentially secure water
supply when applied continuously (KCWA, 2010; LTRID, 2017; Dillon et al., 2019). A
local increase in groundwater storage is found by modelling studies that analysed one MAR
project operating for 50 years (Scanlon et al., 2012a; Scanlon et al., 2016), although the

combined influence of multiple MAR projects requires a new research approach.

4.3 Aim

This chapter aims to quantify the regional influence of continuously applied MAR in Southern
California. The research focuses on one of the most critically over-drafted groundwater basin
in the Central Valley: Tulare basin (Figure 4.2). MAR facilities have been recharging the

groundwater since 1960s, and 8 facilities are operational since 1990 (see captions of Figure 4.2
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for precise start and end data of obtained data from (Scanlon et al., 2016)). In addition to the
MAR facilities, a dense monitoring network is present that is used to analyse groundwater

level time series in Tulare basin.

4.4 Data and methods

4.4.1 Data

Long records of groundwater observations were obtained from the CASGEM groundwater
dataset (CASGEM, 2017). Groundwater is recorded on biannual basis in over 12,100 wells
(CASGEM, 2017). Wells with at least 35 years of data were selected (1980-2015). These
time series were further screened for missing data, which were filled in case of minor gaps
(< 3 observations) (Tallaksen et al., 2004; Thomas et al., 2015). Time series with longer
sequences of missing data were excluded, resulting in a selection of 149 wells (see Figure
4.2). Amongst the 149 wells, 20 wells were located inside MAR facility boundaries (Scanlon
et al., 2012a). These 20 wells were therefore flagged as ‘MAR observation wells’ (marked
with a ring in Figure 4.2) and used to analyse the direct influence of MAR (Scanlon et al.,

2012a; Scanlon et al., 2016).

Precipitation data were obtained from the gridded Daymet dataset (Thornton et al.,
2017). The 1km? grid cells were matched to groundwater well locations and precipitation
data was extracted for all 149 wells. These precipitation time series were trimmed to meet

the 35 year time frame (1980-2015).

Finally, we used reported annual recharged (infiltrated) and retrieved (extracted)
volumes for 11 MAR facilities in Tulare basin. These volumes were converted to feet per

year using the size of recharge basins at the time of infiltrating (KCWA, 2010). Data of MAR

66



Exploring the long-term impact of Managed Aquifer Recharge in Southern California
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Figure 4.2: The Tulare Basin in Southern California that extends across counties: Kings,
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Kaweah, Tulare Lake, Tule, and Kern counties. The selected groundwater observation wells
are indicated by the black dots, circled for the ‘MAR observation wells’. MAR facility
boundaries are indicated in blue. MAR infiltration data were obtained for Arvin-Edison
(1966-2015) and Kern Water Bank (1968-2015), City of Bakersfield (1981-2010), Kern River
Channel (1981-2010), City of Fresno (1985-2014), Berrenda Mesa (1983-2011), West Kern
(1988-2010), Rosedale (1989-2011), Pioneer (1995-2011), Semitropic (2005-2010), and Wal-
dron (1998-2007).
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facilities was available for (almost) the whole 35 year (1980-2015) time period in the case of
Arvin-Edison (1966-2015), Kern Water Bank (1968-2015), and City of Fresno (1985-2014).
A shorter dataset was available for the other eight facilities: City of Bakersfield (1981-2010),
Pioneer (1995-2011), Kern River Channel (1981-2010), West Kern (1988-2010), Semitropic
(2005-2010), Berrenda Mesa (1983-2011), Rosedale (1989-2011), and Waldron (1998-2007)

4.4.2 Methods

The quality-checked groundwater level time series were converted into standardised ground-
water indices (SGI) using the method of Bloomfield et al. (2013). The SGI values of 0
represent the long-term mean, groundwater levels above the long-term mean are positive
and groundwater levels below the mean are negative. The SGI time series were compared
to standardised precipitation indices (SPI). These SPI time series were calculated from the

precipitation data using the method of Mckee et al. (1993).

Next, the SGI time series were clustered using two different unsupervised clustering
techniques: kmeans and Ward’s minimum. Kmeans is a partitioning clustering technique
that minimizes the total distance between all objects into a number of clusters based on
a common mean (linear discretization). Ward’s minimum applies a quadratic reduction
of distance between objects, and visualises this distance reduction in a dendrogram of all
objects. Using both techniques on the same dataset gives a better indication of the stability
of a certain cluster composition (Aghabozorgi et al., 2015; Jain, 2010). The optimal number
of clusters for kmeans was determined by a numerical reduction of the sum of squared error
between the clusters. These kmeans clusters were verified using Ward’s minimum clusters.
We chose the final clusters based on consistent results between the two clustering techniques

(Jain, 2010; Haaf et al., 2018).
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4.5 Results

The optimal number of kmeans clusters was 2, 7, 13. Out of these three options, most
consistent results for both clustering techniques were obtained for seven clusters, as the
composition of clusters was similar for 85% of wells. In Figure 4.3, the similarities are
evident in the north of the basin (sub-basins Kings, Kaweah and Tulare Lake). Both cluster
compositions allocated 45 wells in the same cluster (C1 in yellow). Another identical cluster
is found in two southern sub-basins Tule and Kern (C6 in purple). Smaller variations are
observed for clusters 3, 4, 5 and 7 for which a couple of wells differ between the two techniques
(C3 in black, C4 in red, C5 in light blue, and C7 in blue). The largest variation between

cluster groups is found in sub-basin Tule and Kern for cluster 2 (C2 in green).

The identified seven clusters represent the main groundwater level variation in Tulare
basin (Ward’s minimum clusters are shown in Figure 4.4). Time series of clusters C1, C2,
and C5 show a gradual decline. This decline seems stronger in the cluster mean of Cl1
compared to C2 and C5. In C1, the decline starts in 1990 and ends in 2012, whereas the
decline starts and ends later in C2 and C5 (2000-2015). The other four clusters show a
contrasting pattern to the declining time series. The cluster mean of C3 and C6 rise from
1985 onwards, indicating a positive tendency in long-term groundwater level. C4 represents
a pattern of both rising and falling SGI without a tendency for either positive or negative
long-term groundwater level variation. The four remaining wells in C7 represent a distinct

pattern that is found in one location only.

The majority of ‘MAR observation wells” (16 out of 20) is included in C4, for which
clustered SGI time series are relatively similar given the narrow range. Peaks in the clustered
time series also synchronise with the peaks in total recharge volumes in 1998-99, 2005-06,
and presumably in 2010-11, see Figure 4.5. Due to data limitations, recharge volumes were

incomplete in 2010-2015. However, it is likely that the total recharged volume in 2010-11
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Figure 4.4: Spatial and temporal results of the Ward’s minimum cluster analysis for 149
wells in Tulare basin. The map on the left shows the location of the seven clusters. On the
right, the SGI time series are shown for each cluster. The cluster mean is indicated with a

thick line and the range is represented by the shaded area.
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is comparable to that of 2005-06. The middle panel of Figure 4.5 shows two example wells,
representing C4 and C2. The SGI of C4 exceeds the SGI of C2 in 1997-2015. A remarkable
result, as the precipitation was similar for the two example wells. The peaks in the SGI time
series, representing C4, suggest that additional MAR recharge reflects in higher groundwater

levels.

4.6 Discussion and conclusions

Three main patterns are identified in the clustered SGI time series. The first pattern is
represented by three clusters that show a decline in groundwater level, mainly present in
the north of Tulare basin (C1, C2 and C5). These clusters confirm the falling groundwater
levels in the Central Valley due to overexploitation of groundwater (Faunt et al., 2016; Faunt
et al., 2009; Thomas et al., 2017b). The second pattern is opposing the general trend, as SGI
time series of C3 and C6 rise almost continuously in 1985-2015. The rising SGI time series
confirms the results of modelling studies (Scanlon et al., 2012a; Scanlon et al., 2016), but the
clusters have a larger spatial extent than previously assumed. The last pattern highlights
gradual peaks and falls in the SGI time series (C4) that coincide with the recharge years of
MAR facilities. The direct influence of MAR is evident when the SGI of C4 wells is compared
to other wells nearby. From 1997 onwards the SGI in the MAR sites is consistently higher,
which illustrates the direct and long-term influence of MAR on regional groundwater levels.
This is also the case in C3, located in the southern tip of the aquifer. Groundwater used
to accumulate here before flowing from Kern towards Tulare Lake (prior to 1900; Bertoldi
et al. 1991) and C3 now shows an accumulation of groundwater level, as a consequence of

continuously applied MAR.
The findings demonstrate the positive influence of continuously applied MAR on de-
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Figure 4.5: Two example wells representing clusters C2 and C4, of which the well in C4
is located within the boundaries of a MAR facility. In the top and middle panel, the SPI
for both well locations and the SGI for both wells are shown in black (C2) and red (C4).
The bottom panel shows the total recharged and retrieved MAR volumes. Limited data was

available in 2010-2015 (therefore marked in red; see caption Figure 4.2).
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clining groundwater levels. This emphasises the potential of active groundwater management
in largely over-drafted aquifers, as Tulare groundwater basin is viewed as critically overex-
ploited (Preston, 1981; Famiglietti et al., 2011; Thomas et al., 2017b). The positive influence
of MAR on groundwater storage confirms the work of Thomas et al. (2015), who investigated
groundwater trends in Coachella Valley. Even though groundwater trends are not investi-
gated in this study, the clustered SGI time series show increased groundwater storage in
relation to continuously applied MAR. MAR could thus contribute to sustainable ground-
water use, even in largely over-drafted basins as the Tulare basin. However, more research
is required to quantify the regional influence of MAR on declining groundwater storage and

specifically during droughts.

4.7 Chapter summary

This chapter explores the regional and long-term impact of MAR on groundwater level
storage in a highly-stressed aquifer in the Southern Central Valley. The presented findings
show that statistical cluster analysis can be applied to explore long-term patterns in SGI
time series. The identified patterns show the impact of MAR, mostly represented by the
‘MAR observation wells’ within the boundaries of the MAR facilities. In the last figure, the
positive impact of MAR on groundwater storage is shown, representing two main cluster
groups in the Southern Central Valley. Standardised groundwater levels rise for sites close
to MAR facilities despite intensive groundwater use in the region. These initial findings are
further explored in Chapter 5 that evaluates consequences for groundwater droughts and
discuss the potential of MAR as a mitigation strategy given the regional rise in groundwater
storage. Chapter 4 and 5 show thereby a successful application of the developed method in
Chapter 3 in identifying human-influence and evaluate not only negative impact, but also

positive impact of human influence on hydrological droughts.
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Managed Aquifer Recharge as a drought

mitigation strategy in heavily-stressed

aquifers

Figure 5.1: Ultimate drought mitigation by taxiing clouds to keep the grass green, illustration

by Jos Zanders
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5.1 Introduction

This chapter continues the investigation of long-term impact of Managed Aquifer Recharge
(MAR) on groundwater storage in Chapter 4 aiming to meet the second research objec-
tive. This objective focuses on human-influence as enhanced recharge or MAR and assesses
the impact of MAR on groundwater droughts. In the following chapter, identified regional
groundwater patterns are further investigated, analysing long-term trends and drought char-
acteristics. Given the highlighted potential of MAR in Chapter 4, this chapter also discusses
implications of findings beyond the research aim by highlighting conditions to potential to
scale-up current long-term MAR practices and encourage MAR as a drought mitigation

strategy.

This chapter is published in Environmental Research letters (Wendt et al., 2021). For
this publication, DW has conducted the research concept, statistical analysis, and submitted
manuscript under supervision of AVL and DH. This manuscript was reviewed by AVL, BS,

and DH, who also supervised the peer review process.

5.2 Background

Groundwater resources are increasingly pressured due to growing domestic, industrial, and
agricultural water demand (Siebert et al., 2010; D6ll et al., 2012). Overuse of groundwater
resources can lead to heavily-stressed aquifers and severe groundwater depletion (Custodio,
2002; Gleeson et al., 2012b; Famiglietti, 2014) that can be aggravated following increased wa-
ter use during meteorological drought events (Taylor et al., 2013; Russo et al., 2017), which
are more likely to occur in near-future (Swain et al., 2018). Groundwater depletion rates have

already increased globally (Konikow, 2011). Only few aquifers show decreasing groundwater
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depletion rates that are realised due to reduced withdrawals (mandatory or voluntarily),
improved groundwater management, conjunctive use of surface water and groundwater, and
enhanced groundwater recharge (Konikow, 2011; Scanlon et al., 2016; Dillon et al., 2019).
These exceptional examples show the potential of mitigation strategies to ensure sustainable
groundwater use and avoid maladaptation to meteorological droughts in heavily-stressed
aquifers. Enhanced groundwater recharge can contribute to sustainable groundwater man-
agement and mitigate groundwater droughts, defined as a below-normal groundwater levels
(Mishra et al., 2010). However, empirical evidence to support this hypothesis is difficult to
obtain, because few regions globally have a long-term practice of reported Managed Aquifer
Recharge (MAR) (Dillon et al., 2019). One of these regions is the Central Valley in Cali-
fornia (USA) that has a long history of MAR and is classified as a heavily-stressed aquifer
(DWR, 2016).

In the Central Valley, groundwater resources are heavily-stressed due to the exten-
sive groundwater use to meet the high agricultural demand (Faunt et al., 2009; Scanlon
et al., 2012b), which is likely to rise with an increased frequency of extreme meteorological
droughts in near future (Swain et al., 2018; Alam et al., 2019). Current surface water im-
ports from North California are insufficient to meet the agricultural water demand during
meteorological droughts (Faunt et al., 2009; Li et al., 2018) exacerbating groundwater deple-
tion with irreversible consequences (Faunt et al., 2016; Ojha et al., 2017). Without a change
in its water management strategies, current groundwater depletion is likely to increase in
the near-future (Alam et al., 2019), because existing drought mitigation strategies focus on
maintaining agricultural production (Medellin-Azuara et al., 2015) resulting in a direct in-
crease in groundwater use to complement the deficit in surface water (Christian-Smith et al.,
2015) and an indirect increase due to a change in cropping pattern (Xiao et al., 2017; Li et
al., 2018; Mall et al., 2019). Initiatives to increase drought resilience, such as MAR, receive

increasing attention with the implementation of Sustainable Groundwater Management Act
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(SGMA; SGMA 2014), although more evidence-based research is required to evaluate current

impacts of MAR operations.

MAR, as a management strategy, is increasingly practised globally enhancing unman-
aged surface water infiltration to benefit water quality and quantity (Dillon et al., 2019).
Reported global MAR capacity is greatest in India (31%) and USA (26%) aiming to meet the
extensive agricultural groundwater demand (Dillon et al., 2019). Most of India’s MAR struc-
tures are, however, unreported and millions of structures are still in planning (Tushaar, 2009;
Stefan et al., 2018). In the USA, and in particular in Arizona and California, large-scale sur-
face water basins are in use since the 1960s to increase drought resilience of agricultural water
users (Scanlon et al., 2012a; Megdal et al., 2014; Scanlon et al., 2016). On a smaller scale,
MAR contributes significantly to sustainable groundwater use in many European countries
and Australia. For example, Germany’s MAR, representing 9% of global MAR capacity, has
increased the resilience of urban water supply systems since 1870 (Sprenger et al., 2017). In
Australia (4% of global MAR capacity), urban water supply was adapted to include MAR
recharging groundwater in the aftermath of the Millennium Drought (Grant et al., 2013;
Radcliffe, 2015). Moreover, national guidelines for applying MAR have been developed to
aid safe development of MAR embedded in national water policies (Dillon et al., 2020). In
contrast to the growth of MAR globally, few areas are monitored that limits the assessment

of MAR impacts.

The long-term MAR practice in the USA is therefore an exceptional example, il-
lustrated by the well-monitored and studied MAR facilities in California. Previous MAR
studies focused on individual (Scanlon et al., 2012a) or multiple MAR facilities (Scanlon
et al., 2016), temporal variability in groundwater levels (Thomas et al., 2015), and alterna-
tive strategies for enhanced recharge using agricultural fields for MAR (Ag-MAR; Dahlke
et al. 2018b). Ag-MAR could expand current MAR infiltration surface basins (O’Geen et al.,

2015; Maples et al., 2019), although currently, implementation of Ag-MAR is limited. Other
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studies focused on water availability using high magnitude stream flow (Flood-MAR) (Kocis
et al., 2017) that could facilitate an expansion of MAR across the Central Valley (Alam et al.,
2020). A limiting factor is, however, the required additional infrastructure for conveyance,
storage, and recharging of high magnitude flows (Yang et al., 2019). Increased interest
and highlighted potential of MAR contrast sharply with limited evidence-based research on
spatio-temporal impact of existing MAR operations. Assessing existing MAR impacts would
show how MAR contributes to sustainable groundwater use and that would be of interest

for further expansion of MAR within SGMA.

5.3 Aim of the study

The aim of this study is to assess the impact of long-term MAR practices on groundwater
droughts using a case study from the Central Valley Aquifer of California. To meet this
aim, we focus on 1) spatial patterns in groundwater level time series, 2) short-term and
long-term patterns in precipitation and groundwater level time series, and 3) groundwater
drought characteristics. The novelty of this study lies in its analytical approach that infers
long-term impact of MAR on groundwater droughts using long-term observational data of
groundwater levels, precipitation, and MAR operations on a regional scale. This analytical
approach differs from previous studies in the Central Valley, which used either groundwater
models or water budgets to estimate impacts of actual or potential MAR sites (Scanlon et
al., 2016; Xiao et al., 2017; Kourakos et al., 2019; Maples et al., 2019; Ghasemizade et al.,
2019; Alam et al., 2020). Previously, this method has been applied to study groundwater
droughts in near-natural settings (Bloomfield et al., 2013; Kumar et al., 2016; Haas et al.,
2017), characterising of groundwater dynamics (Haaf et al., 2018; Heudorfer et al., 2019),
and it was a starting point for modelling groundwater time series (Marchant et al., 2018) and

investigating the asymmetric impact of groundwater use on groundwater droughts (Wendt
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et al., 2020). This study shows how a similar analytical approach is useful to infer MAR

impacts.

5.4 Study area

The study area in the Central Valley in California is the Tulare Basin, which extends across
five counties (Kings, Kaweah, Tulare Lake, Tule, and Kern; Figure 5.2). The Tulare Basin is
currently over-drafted and represents critical groundwater conditions in Southern California
(DWR, 2016). The area has a hot Mediterranean climate, which is dry with winter precip-
itation (including rain and snow in the mountains) that is the main source of groundwater
recharge. Average annual precipitation is 152-254 mm, which is exceeded by reference evap-
oration of 1295-1422 mm. In addition to incoming precipitation, the landscape and streams
also recharge the alluvial aquifer representing 36% of the modelled long-term water budget
(Faunt et al., 2009). Outgoing components of the water budget are groundwater pumping
(50%) and losses due to (in)elastic matrix storage, compression of specific yield, and ground-
water flow leaving the Tulare Basin (14%; Faunt et al. 2009). The long-term modelled
groundwater balance is thus strongly negative due to large-scale groundwater abstractions
(Faunt et al., 2009; Alam et al., 2020)). These abstractions are currently not monitored or
restricted, nor is the depth of abstractions reported, even though this might change with the
implementation of SGMA (Thomas, 2019). Impact of MAR is currently not included in the

groundwater model.

The Tulare Basin is set between two mountain ranges and is topographically confined
by the Tehachapi Mountains in the south and the Sierra Nevada Mountains in the east
(Faunt et al., 2009). From these mountain ranges, small streams fed by snow melt and run-

off develop into rivers that recharge the layered alluvial fan aquifer in the valley. Discharge
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used to accumulate in the topographically-closed aquifer resulting in the second largest lake
(Tulare Lake) in the U.S. until 1900, when it dried up due to intensification of groundwater
use (Bertoldi et al., 1991). Regional groundwater flow and recharge in the area are still
affected by lake bed sediments that consists of fine-grained material and (Corcoran) clays
forming a confining layer in the alluvial aquifer. Unconfined aquifer layers define the first 900
m in the Tulare Basin and groundwater levels, when unaffected by groundwater abstractions,

drain internally to Tulare Lake county (Faunt et al., 2009).

In addition to natural recharge, artificial recharge is provided by MAR facilities oper-
ating in conjunction with the State Water Project and Central Valley Project (USBR, 2019;
California Department of Water Resources, 2020). These projects convey water from North
California to the southern part of Central Valley since the 1960s (Kletzing, 1987; Scanlon
et al., 2012a). To date, approximately 15 MAR facilities are in operation aiming to sustain
agricultural water demand during dry years (KCWA, 2010). These facilities use infiltration
basins to recharge a mixture of available surface water, storm run-off, and imported surface
water. All facilities comply with SGMA and water is treated prior to infiltration to maintain

high standards for water quality (SGMA, 2014; Kern County (CA), 2020).
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Figure 5.2: The Tulare Basin in Southern California that extends across counties: Kings,
Kaweah, Tulare Lake, Tule, and Kern counties. Streams are shown in dark blue. Aqueducts
and canals of the State Water Project and Central Valley Project are shown in light blue.
MAR facilities are shown in green, data was obtained for Arvin-Edison (1966-2015) and
Kern Water Bank (1968-2015), City of Bakersfield (1981-2010), Kern River Channel (1981-
2010), City of Fresno (1985-2014), Berrenda Mesa (1983-2011), West Kern (1988-2010),
Rosedale (1989-2011), Pioneer (1995-2011), Semitropic (2005-2010), and Waldron (1998-

2007). Selected groundwater monitoring sites (149) are shown in red.
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5.5 Data and Methods

The regional groundwater analysis is based on spatially-distributed precipitation, groundwa-
ter level, and operational MAR data in the Tulare Basin that cover a 35-year time period.
The period of investigation started in 1980, when eight MAR facilities were (starting to be)
operational, and ended in 2015 due to reduced availability of groundwater level observations
after 2015. This 35-year period covers both extreme wet and dry periods including the
exceptional drought in 2012-15 (DWR, 2016; Griffin et al., 2014; Robeson, 2015).

5.5.1 Data

Climate information was derived from two datasets with different spatial and temporal res-
olutions. The first dataset, the North American Drought Monitor (NADM), shows drought
intensity and occurrence based on monthly standardised precipitation index (SPI) (Svoboda
et al., 2002). NADM data are divided into climatological regions and San Joaquin basin that
includes the Tulare Basin was used representing basin-wide monthly meteorological drought
conditions (Lawrimore et al., 2002). These meteorological drought conditions are defined
using the NADM threshold for moderate droughts (SPI < —0.8 ; Svoboda et al. 2002. For
consistency, we applied the same (opposite) threshold (SPI > 0.8) for wet conditions. The
second used dataset has a higher temporal and spatial resolution and consisted of grid-
ded (1 km?) daily precipitation estimates from the DAYMET database by Thornton et al.
(2017), who spatially interpolated station measurements. This location-specific data were
used to compare groundwater at a site with extracted grid cells of precipitation estimates.
Extracted daily precipitation amounts were summed to 6-month totals to meet the biannual
of groundwater time series and allow standardisation into SPI (Mckee et al., 1993; Wu et al.,

2007).
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Groundwater data were obtained from the CASGEM dataset managed by the De-
partment of Water Resources (CASGEM, 2017) that contains about 12,100 groundwater
monitoring sites (monitored biannually) in the Tulare Basin. Despite the high number of
monitoring sites, few sites are monitored regularly, which is a key requirement to standardise
groundwater levels in a regional comparison (Bloomfield et al., 2013). Therefore, time series
were initially selected on the starting year (1980) and further screened for missing data,
which were linearly interpolated in case of minor gaps (< 3 observations; Thomas et al.
2017b; Tallaksen et al. 2004). This reduced the dataset from 12.128 sites to 3030 sites that
starting monitoring in 1980, and finally to 149 sites that are regularly monitored. Regular
groundwater monitoring was discontinued in 2015 for 39% of the selected wells, hence we
set the time period to 1980-2015 to optimise the spatial representation of groundwater data.
Final selection of sites consisted thus of 149 sites, of which 20 were located inside MAR
facilities (Figure 5.2). These sites were flagged as ‘MAR observation wells’, as MAR impacts

would first be observed in these sites (Scanlon et al., 2016).

The operational MAR data obtained from KCWA (2010) and Scanlon et al. (2016)
contained detailed information regarding recharged (infiltrated) and retrieved (extracted)
water volumes at MAR facilities. Reported annual volumes were obtained for 11 out of 15
MAR facilities. Annual volumes were converted to millimetres per year using the reported
size of recharge basins at the time of infiltration (KCWA, 2010). Two MAR facilities out
of eleven were in operation during the entire 35-year time period, other facilities partially
covered the time period (see caption Figure 5.2) resulting in a variable temporal and spatial
extend of the dataset. The total reported volume of MAR is 106.4 mm/y that is equivalent

to 42-70% of the long-term precipitation (152-254 mm/y) in the Tulare Basin.
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5.5.2 Methods

Regional patterns in groundwater level time series were investigated by clustered standard-
ised time series. First, the standardised groundwater index (SGI) was calculated for all 149
groundwater level time series using the non-parametric approach of Bloomfield et al. (2013).
Two clustering techniques (K-means and Ward’s minimum) were applied to the SGI time
series, applying both numerical and hierarchical reduction of similarity to reduce bias in the
choice of clustering method (Haaf et al., 2018). Both methods resulted in similar regional
patterns for 85% of the cluster composition, as shown in Figure 4.4 modified from Wendt
et al. (2019). Only in Kern county, SGI clusters were slightly more spatially-coherent for
Ward’s minimum clustering (Wendt et al., 2019). Hence, these SGI clusters were used for

further analysis.

Temporal patterns were analysed using the 35-year time series of groundwater levels
and precipitation estimates for each site. The occurrence and strength of anomalies in
time series were analysed for both short-term (in decades) and long-term (whole time series)
patterns, following the same approach as Thomas et al. (2015). Short-term analysis consisted
of SPT and SGI time series subdivided in three decades starting from 1980 (1980-89, 1990-99,
and 2000-09) and a remainder of 5 years using the average of 10 years to evaluate climatic
controls to groundwater variation (Thomas et al., 2015). Long-term temporal patterns were
analysed using a monotonic Mann-Kendall trend test (Mann, 1945; Kendall, 1948) that
was modified for serial correlated groundwater data Yue et al. (2002) and Hamed (2008).
Biannual groundwater level observations were averaged for each calendar year to meet the
requirements of the modified trend test. Trends in precipitation were tested using a standard
Mann-Kendall trend test for annual precipitation totals. Trends were considered significant
when the trend Z value was either < —2.56 or > 2.56 (« = 0.01) and its strength was

measured by the Sen slope of the (modified) Mann Kendal trend test.
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Both meteorological and groundwater droughts were quantified in the drought analysis
by applying the NADM threshold to SPI and SGI time series (SPI or SGI < —0.8). This
threshold approach was used to calculate drought duration, length of time in which SPI or
SGI time series were below the drought threshold, and magnitude, which is the accumulated

SPI or SGI during a drought (Tallaksen et al., 2004; Mishra et al., 2010).

5.6 Results

The results consist of three subsections. First, spatial patterns in groundwater level time
series are presented showing all SGI clusters and main regional patterns identified in the
Tulare Basin. Second, short-term (decades) and long-term (35-year) patterns in precipitation
and groundwater time series are shown, and lastly, groundwater drought characteristics are

presented for the 35-year period and the 2012-15 meteorological drought event.

5.6.1 Spatial patterns in groundwater level time series

Three regional spatial patterns were found in the clustered SGI time series (Figure 5.3a and
5.3b). Six out of seven SGI clusters represent a spatially coherent group of groundwater mon-
itoring sites (Figure 5.3a) that can be summarised in three main regional patterns showing

a declining, variable, and rising SGI in the 35-year period (Figure 5.3b).

The first regional pattern (RP1) shows a decline in SGI over time (Figure 5.3b). RP1
is represented by cluster 1 (CL1) that consists of 31% of all monitoring sites in the northern
counties of the Tulare Basin (Kings, Kaweah, and Tulare Lake counties). The cluster mean

of CL1 shows a strong decline with below-average SGI (SGI < 0) since 2002.
The second regional pattern (RP2) shows periodic variation in SGI and is distin-
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guished from the first by peaks in SGI in 2000-01, 2005-06, and 2011-12 (Figure 5.3b).
During these periods, SGI rises to average or above-average conditions (SGI > 0). RP2 con-
sists of clusters 2, 3, 4 (CL2, CL3, CL4) and represents 55% of all monitoring sites located
mainly in Tule and Kern counties. RP2 also includes 16 of the 20 ‘M AR observation wells’

grouped in CL3, which cluster mean is sharply rising and falling over time.

The third regional pattern (RP3) shows a consistent rise in SGI for most of the 35
years (Figure 5.3b). Clusters 5 and 6 (CL5 and CL6) represent RP3, located in Tule and
Kern counties (14% of monitoring sites). The consistent rise in SGI contrasts with the
declining SGI in RP1 for the same period. Not surprisingly, CL5 and CL6 are located in
different aquifer sections. CL5 is a smaller cluster of six wells located along a line between
Tule and northern Kern counties. CL6 is located in southern Kern county, which is the most

southern and the lowest section of the Central Valley Aquifer.

5.6.2 Temporal patterns in precipitation and groundwater level time

series

Contrasting temporal patterns are also found in short-term (decadal) SPI and SGI averages
in the Tulare Basin (Figure 5.3c). Short-term SPI is above-average in the first decade (1980-
89) and below-average in the second and third decade (1990-99 and 2000-09) for all clusters.
The last 5 years (2010-2015) include an extremely wet period and an extreme meteorological
drought resulting in, on average, normal conditions during the 5 years. SGI differs from this
decadal SPI pattern (see Figure 5.3c). In CL1, moderately negative to strongly negative
SGI are observed in 2000-2015 exceeding the SPI in this period. The SGI in CL2, CL3,
and CL4 follow the SPI pattern relatively well, although the SGI declines in the last 5 years
resulting in strongly negative SGI for both clusters. In CL5 and CL6, a rise in SGI is found
that exceeds the SPI in the last 15 years (CL5) and in the second and third decade (CL6),
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Figure 5.3: Regional patterns in 35-year SGI time series in the Tulare basin. Left (a) shows the spatial distribution of 7
hierarchical clusters (Ward’s minimum). Both clustering methods are shown in Figure 4.3. Six out of seven clusters represent
a regional pattern and are further analysed. The centre figure (b) shows clustered SGI time series of these six regional clusters.
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but declines to below-average conditions in 2010-2015. This decline is thus reflected in all
but one cluster and shows average groundwater conditions during extreme meteorological

drought in 2012-15, impacting most groundwater monitoring sites in the Tulare Basin.

Long-term (35-year) temporal patterns in groundwater level time series show both
negative and positive trends that are distributed unevenly in the Tulare Basin. Significant
negative trends are primarily found in northern counties (Kings, Kaweah, and Tulare Lake)
compared to moderately negative, neutral, and positive trends in the southern counties
(Tule and Kern; Figure 5.4a). Significant positive trends are detected for 12 sites suggesting
groundwater levels have risen consistently. This is remarkable considering negative precipita-

tion trends (Figure 5.4b) and the considerable groundwater abstraction in the Tulare Basin.

The strength of identified trends reflect the long-term regional spatial patterns (RP1-
3; Figure 5.5). Significant negative trends have a linear decrease in groundwater level ex-
ceeding of, on average, 0.79 m/y with extreme outliers in RP1 (CL1). Sites in RP2 (CL2-4)
decrease less per year compared to RP1, but average trend Z values remain significant for
CL2 and CL4. CL3 marks a transition from negative to positive trends. This cluster in-
cludes most ‘M AR observation wells” and represents sites located in the vicinity of four large
MAR facilities (Kern Water Bank, City of Bakersfield, Kern River Channel, and Pioneer)
suggesting that long-term MAR impact contributes to these moderately and significant pos-
itive trends. RP3 (CL5 and CL6) consists of mainly positive trends, increasing on average

0.2 m/y, which are found close to the Arvin Edinson MAR facility (CL6).
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Figure 5.4: Groundwater (dots) and precipitation (diamonds) trends based on 35-year (1980-
2015) annual time series for 145 groundwater monitoring locations in the Tulare Basin. Trend
Z values show significant trends Z < —2.56 or Z > 2.56 (o = 0.01) in brighter colours. The

MAR facilities are shown in green.

5.6.3 Groundwater drought characteristics

Groundwater drought characteristics are also summarised by RP1-3 and show three different
patterns in the Tulare Basin (RP1-3; Figure 5.6). In RP1 (CL1), groundwater drought
(shaded) occurred after a series of meteorological droughts (light red surfaces) in 2007-09.
This groundwater drought did not recover until 2015 despite the above-normal precipitation
conditions in 2010 and 2011 (light blue surfaces). Consequently, two meteorological droughts

in 2007-09 and 2012-15 were combined into one multi-year groundwater drought.

In RP2 (CL2-4), groundwater droughts occurred more often and recovered during

above-normal precipitation conditions. SGI values in RP2 recovered more quickly compared
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Figure 5.5: Annual in/decrease of groundwater levels for identified six groundwater clusters.
Colours are matched to Z value of the cluster mean following the legend of Figure 5.4a.
Darkest colours show significant trends, brightest colour show non-significant trends. For

location of clusters, see Figure 5.3.

to CL1 resulting in a (brief) periods of above-normal SGI between drought events. Drought
recovery is highest for sites in CL3 that includes most ‘M AR monitoring wells’. The sharp rise
in SGI could be due to a combination of above-normal precipitation and additional recharge
supplied by MAR facilities, which recharge most water during above-normal precipitation
conditions (see bottom panel in Figure 5.6). The synchronised rising and falling SGI in
CL2-4 suggests that most groundwater monitoring sites reflect this combined effect in Tule

and Kern counties.
The last regional pattern (RP3; based on CL5 and CL6) shows a rise in SGI resulting
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in entirely different groundwater drought characteristics. Groundwater droughts are ob-
served at the start of the investigation period in 1991-96 (CL5) and 1980-85 (CL6). During
meteorological droughts in 2007-09 and 2012-15, SGI declined gradually for both clusters,
but the NADM threshold was not exceeded resulting in alleviated groundwater droughts

compared to the other regional patterns.

The increment of MAR volumes since 1993 coincides with short-term increases in SGI
in RP2 and long-term increasing SGI in RP3 resulting in different groundwater droughts.
This is remarkable, as precipitation trends are decreasing in Tule and Kern counties (Figure
5.4b). Most MAR volumes were recharged during periods of above-normal precipitation
resulting in large MAR contributions in addition to the natural recharge. However, actual
recharged volumes remain uncertain as documented volumes did not cover the complete

35-year period and might be higher than shown in Figure 5.6.

In general, the groundwater drought duration in RP2 and RP3 halved compared to
RP1 and drought magnitude reduced (Figure 5.7). Average drought durations in RP2 and
RP3 were both around a year, compared to two years for RP1. Average drought magnitude
was close to -1.2 compared to -2.1 for RP1. The maximum drought duration was slightly
shorter for RP3 and a lot shorter for most events in RP2. Maximum drought magnitude

also decreased, although high outliers are still observed in RP2 and RP3.

Most severe groundwater droughts events (measured in drought magnitude) occurred
at different times in the three regional patterns. In RP1, most severe droughts occurred
before and during the extreme meteorological drought in 2012-15. This contrasts with RP2
and RP3, where most severe drought events occurred in the period 1980-00. This is remark-
able, as driving meteorological droughts in 1980-00 were less severe than the 2012-15 drought
(Robeson, 2015).

The extreme meteorological drought in 2012-15 had also a mixed impact in the Tulare
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Figure 5.6: Groundwater droughts are shown for the identified three regional patterns in
the cluster analysis. In the first panel, standardised precipitation (SPI;3) is shown based on
Drought Monitor data for San Joaquin basin (includes the Tulare Basin) (Svoboda et al.,
2002). Meteorological droughts (below-average precipitation SPI;; < —0.8) are shaded and
shown as light red surfaces in the other panels. Similarly, above-average precipitation (SPI;,
> (0.8) are marked by light blue surfaces. The three regional patterns are shown in panel
2-4 with cluster means in matching colours according to Figure 5.3. Groundwater drought
events are shaded. The fifth panel shows recharged (blue) and extracted (red) MAR volumes
of 11 MAR facilities. The stacked bar plot visualises recharged or extracted volumes (in m)
in each year, reported by individual facilities. Most reports (9 out of 11) did not contain
most up-to-date MAR volumes and were updated until 2010 (see caption of Figure 5.2). Tt

is therefore plausible that more water was recharged during 2010-15 than shown here.
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Figure 5.7: Maximum groundwater drought duration (top panel) and magnitude (bottom
panel) for the 35-year period (1980-2015), as observed in the three regional patterns. Ground-
water drought duration is measured in years. Groundwater drought magnitude is measured

in accumulated SGI over the drought period.

Basin (Figure 5.8). In RPI1, groundwater droughts were severe and lasted 3.3 years on
average. Drought duration in RP1 covered the entire meteorological drought and possibly
longer, as the drought continues beyond the analysis period. Groundwater droughts in RP2
and RP3 started later and lasted 2.4 years on average, which is significantly (p=4.6E-6)
shorter. The later start resulted in lower drought magnitude (-0.8 less on average), which
is a significantly (p=7.3E-3) different compared to RP1. Largest reductions and absent
droughts are observed in the vicinity of MAR facilities or within MAR facility boundaries,
where above-average antecedent conditions prevented SGI values from crossing below the

drought threshold.
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Figure 5.8: Groundwater drought magnitude (measured in cumulative SGI) observed in
groundwater monitoring sites in the Tulare Basin during the meteorological drought in 2012-

15. MAR facilities are indicated in green.
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5.7 Discussion

In the Tulare Basin, groundwater drought occurrence, duration, and magnitude change from
north to south according to three regional patterns in long-term groundwater level variations.
The first regional pattern (North Tulare Basin: Kings, Kaweah, and Tulare Lake counties)
shows a long-term decline in groundwater levels, which resulted in extended groundwater
droughts, as deficits in groundwater storage were not replenished despite above-average pre-
cipitation. The second regional pattern (South Tulare Basin: Tule and Kern counties) shows
rising groundwater levels during periods of above-normal precipitation resulting in shorter
droughts and rapid drought recovery. Long-term trends are moderately negative, neutral or
even positive. The third regional pattern is found in a smaller southern section of South
Tulare Basin. Here, groundwater levels rose consistently from 1995 onwards. Significant pos-
itive trends suggest an increase in groundwater storage over the past 35 years that alleviated

droughts in 2012-2015.

5.7.1 Regional patterns in groundwater level variations

The long-term decline in groundwater levels in the first regional pattern has been related to
the continuous overuse of groundwater (Faunt et al., 2009; Famiglietti et al., 2011; Thomas
et al., 2017b; Scanlon et al., 2012b). Faunt et al. (2009) found an additional non-linear
increase of groundwater abstractions during dry years that explains the discrepancy be-
tween precipitation and groundwater anomalies in the short-term (decadal) SPI and SGI
comparison (Figure 5.3c). The natural drought propagation was altered, as groundwater
conditions remained below-normal despite periods of above-normal precipitation resulting
in an extended groundwater drought in 2007-15 presumably driven by long-term overuse of

groundwater.
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Regional short-term MAR impacts in the Tulare Basin are seen in the second regional
pattern, representing a gradual change from declining to rising groundwater levels. Since
the 1960s, groundwater has been recharged in MAR facilities aiming to overcome short dry
periods showing temporary rising groundwater levels for single sites due to MAR recharge
(KCWA, 2010; Scanlon et al., 2016). This is confirmed by clusters in Tule and Kern counties
showing rising SGI following above-normal precipitation and MAR recharge. The amplified
periodic rise in groundwater levels was also noted by Xiao et al. (2017). However, our results
suggest that regional MAR impact is larger than previously assumed. Short-term MAR
impacts are observed for the majority of sites in Tule and Kern counties and were not, or less
strongly, observed in other counties. Moreover, groundwater deficits were quicker replenished
in Tule and Kern counties. This rapid drought recovery is largest in the vicinity of MAR
facilities and synchronises with recharged MAR volumes. As a result of regional short-term

MAR impact, groundwater droughts reduced significantly in duration and magnitude.

The long-term rise in groundwater levels, found in the third regional pattern, shows
that groundwater storage is (slowly) increasing despite a negative precipitation trend. Ob-
served rising groundwater levels are probably due to a combination of long-term MAR prac-
tice and regional hydrogeological conditions. In this region, groundwater storage (natural
and artificial) accumulates resulting from the dominant North-South regional groundwater
flow and topographic confinement of the Central Valley Aquifer (Faunt et al., 2009, p.49).
Previous studies indicate a steady increase in groundwater as a consequence of MAR prac-
tices in the Central Valley (Faunt et al., 2009; Scanlon et al., 2012a; Scanlon et al., 2016;
Thomas, 2019). A similar, local increase in groundwater storage due to MAR impact was
found in Coachella Valley in California (Thomas et al., 2015). However, findings of this
study show a larger extent of the long-term rising groundwater levels in particular in aquifer
sections where groundwater storage naturally accumulates. This accumulation of ground-

water storage results in alleviated groundwater droughts in Kern and Tule counties during
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the last extreme drought in 2012-15. This illustrates the potential of MAR as a measure to
enhance drought resilience (Scanlon et al., 2016) that is also effective on a regional scale.
The regional increase in drought resilience was also found by Thomas (2019), who analysed

observed and remotely-sensed groundwater anomalies.

5.7.2 Implications for management

The short-term and long-term MAR impacts highlight the contribution of MAR in a heavily-
stressed aquifer to sustainable groundwater management. However, increasing groundwater
recharge using MAR is only a partial solution (Dillon et al., 2012). Sustainable use of
groundwater implies that groundwater use is in balance with (natural and artificial) recharge.
Monitoring groundwater levels, MAR volumes, and groundwater abstractions would enable
water managers to evaluate sustainability of abstractions, as measurable objectives are es-
sential for sustainable groundwater management (Gleeson et al., 2012b; Thomas, 2019) that
would also inform water managers whether groundwater is abstracted from deeper confined
layers (non-renewable) or shallower unconfined (renewable) sections of the aquifer. This in-
formation is crucial to assess contribution of MAR to sustainable groundwater management,
as MAR in (semi-)confined aquifers requires a different technique compared to unconfined
aquifers (Bouwer, 2002). Unconfined aquifers can be recharged with enhanced surface wa-
ter infiltration, such as Flood-MAR and Ag-MAR that can result in a short-term increase
(Kocis et al., 2017; Dahlke et al., 2018b; Ghasemizade et al., 2019) and a long-term rise
in unconfined groundwater storage (Niswonger et al., 2017; Gailey et al., 2019). MAR in
semi-confined aquifer sections would only be impacted if lateral spread of additional recharge
allows seepage (i.e. preferential path ways) to deeper sections of the aquifer (Faunt et al.,
2009). The value of MAR to sustainable groundwater management depends thus partly on

the type of groundwater use and MAR contribution for which regular monitoring can be
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used to ensure sustainability objectives are met.

Encouraging MAR in heavily-stressed aquifers requires not only available water to
infiltrate and potential to store water safely in the aquifer, but also careful implementa-
tion of MAR practices (Dillon et al., 2019). The growth in MAR in the past 60 years
suggests that MAR is going to play an important role in groundwater management (Dillon
et al., 2019). Although this should also be accompanied by a policy framework to ensure
its correct implementation and safe development of MAR. Australia (only representing 4%
of global MAR capacity) is the first by having a risked-based MAR guidelines in place since
2009 (Dillon et al., 2020). Less strict guidelines are found in India (30% of global MAR
capacity; Dillon et al. 2019. In Europe, EU member states are encouraged to develop their
own policies resulting in varying practices and applications (Sprenger et al., 2017; Capone
et al., 2015). In the US, legislation is in place to secure the water quality of infiltrated water
and guidelines on safe implementation, but MAR should be further included in water policies
before encouraging further expansions (i.e. Flood-MAR, Ag-MAR) (Kiparsky et al., 2017).
Potential MAR capacity to store water may exceed surface reservoir capacity in many US
states (Scanlon et al., 2016; Maples et al., 2019) and additional funding could, for example,
facilitate additional infrastructure to capture high magnitude flows (Kocis et al., 2017) in-
creasing the water availability for MAR (Dahlke et al., 2018b; Alam et al., 2020). Despite
some state funding being available, water demand still exceeds the planned capacity (Rohde
et al., 2014). Using high magnitude flows would, however, also require additional water
treatment to avoid deterioration of groundwater quality (Dillon, 2005; Yang et al., 2019),

which highlights the importance of careful implementation of MAR practices.
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5.8 Conclusions

The impact of long-term MAR on groundwater droughts has been identified using an analyt-
ical regional groundwater analysis applied to groundwater observations in the Central Valley
of California. Presented results show that regional MAR impact is larger than previously
estimated confirming the importance of MAR in heavily-stressed aquifers. Groundwater
droughts are reduced and even alleviated in aquifer sections as a result of short-term and
long-term impacts of MAR. Short-term MAR impacts result in rapid groundwater drought
recovery and thereby reduced groundwater drought duration and magnitude. Long-term
MAR impacts are reflected in neutral and positive groundwater trends in the Central Val-
ley. Despite a negative trend in long-term precipitation, groundwater trends are neutral and
even significantly positive in the vicinity of MAR facilities located in the most southern,
topographically confined, section of the Central Valley Aquifer. The consistent increase in
groundwater levels resulted in alleviated groundwater droughts during the extreme meteo-
rological drought in 2012-15 showing the potential of MAR as regional drought mitigation

strategy.

Neutral and positive trends in groundwater level data show that groundwater levels
were maintained thanks to long-term (35-year) MAR practices despite a long-term reduction
in precipitation and continuous use of groundwater. The transition from negative trends in
the North to neutral and positive trends in the South stresses the significant contribution
of long-term MAR practices to sustainable groundwater use in heavily-stressed aquifers.
However, this success highly depends on water availability, capacity and infrastructure to
store water, and careful MAR implementation. Institutional support and guidance for a safe
implementation are required to ensure longevity of MAR facilities and their success as a

drought mitigation strategy.
Further research on MAR impacts and sustainable groundwater management in Cal-
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ifornia could address the largely unknown groundwater use, which could not be included
in this study due to unknown groundwater abstractions. Enhanced monitoring of the Cali-
fornian groundwater resource might be encouraged with the implementation of SGMA and
wider inclusion of MAR within the new water policies is recommended. Advancing techniques
to fill in missing groundwater level observations in a human-modified are also recommended,

as this limited the spatial coverage of the current analysis.

Future applications of the presented analytical method could aid to assess impact
of individual MAR facilities or to identify MAR facilities of unknown performance. For
example, groundwater monitoring sites located within MAR facility boundaries were pri-
marily found in one cluster (CL3) showing that short-term MAR impact can be identified
regionally without documented MAR recharge, which opens the door for advanced analytical
methods focusing on quantification of groundwater level dynamics (Heudorfer et al., 2019)
that could isolate short-term MAR impacts. In conclusion, we presented a versatile method
that enables researchers to evaluate short-term and long-term MAR impacts on groundwater
droughts and thereby, we have shown that MAR can be used as a regional drought mitigation

strategy in heavily-stressed aquifers.

5.9 Chapter summary

This chapter continues the assessment of the impact of Managed Aquifer Recharge on hy-
drological droughts based on findings of Chapter 4. Regional groundwater patterns have
been further investigated marking a change in observed groundwater drought character-
istics in sites close to MAR facilities and in the southern section of the Central Valley
Aquifer. Groundwater droughts are shorter and even alleviated in some sections. These

shorter droughts are thanks to the sharply rising limbs in groundwater levels that synchro-
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nise with recharged volumes in MAR facilities. The rise in groundwater level is evaluated as
short-term MAR impact. Long-term MAR impact is observed in the transition in identified
long-term positive groundwater trends despite a negative precipitation trend. Groundwater
trends in other sections of the Central Valley follow the (amplified) negative precipitation
trend. The promising positive impact of MAR on groundwater droughts is, however, con-
ditional as long-term MAR practises require sufficient imported water to infiltrate, infras-
tructure to store and distribute water, and sufficient guidance on MAR practises to ensure
maintenance of both water quantity and quality. The exemplar case study in California
shows the potential for other regions that have a long-term MAR practise, although to en-
sure longevity of MAR practises and their success as drought mitigation strategy careful
implementation and groundwater management is recommended. In summary, this chapter
shows the potential of MAR as a drought mitigation strategy in a heavily-stressed aquifer
and highlights the success of reduced and alleviated droughts on the careful long-term MAR
practise. Since implementation of MAR is conditional in terms of suitable hydrogeological
conditions, available water, infrastructure, implementation, and institutional support, MAR
is excluded from the idealised socio-hydrological modelling in Chapter 6. This is because
drought mitigation strategies scenarios are intended to represent often applied mitigation
strategies in various hydrogeological conditions as reported in the case study. However, it is
possible to extend groundwater models or more conceptual models with MAR, as suggested

in Chapter 7.
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Chapter Six

Modelling strategies to manage and

mitigate hydrological droughts

Figure 6.1: Discussing options to save water, as part of the drought policy. Illustration by

Jos Zanders
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6.1 Introduction

This chapter introduces a developed socio-hydrological model that is used to investigate
the impact of drought management strategies on hydrological droughts aiming to meet the
third research objective (see also Figure 2.1). In this research objective, human influence on
hydrological droughts is evaluated as a range of different management strategies that may be
in place during a drought, i.e. changes in reservoir regulation, integration of surface water and
groundwater, and in/decreased surface water and groundwater abstractions. This chapter
addresses the third research objective by different modelled drought mitigation strategies
using the developed socio-hydrological model. This model represents an idealised catchment
with a soil moisture balance, surface water storage, and different options for groundwater
storage properties in the groundwater module. Modelled drought management strategies
have impact on both surface water and groundwater demand and supply and consequences
for hydrological droughts are evaluated for the different scenarios, showing strengths and

weaknesses of strategies depending on a range of hydrogeological conditions.

This chapter was initiated during a international workshop of the ‘Drought in the
Anthropocene’ IAHS working group. Initial ideas and modelling concept were conducted
together with Margaret Garcia (Arizona State University), Benedikt Heudorfer (UDATA
GmbH), and AVL. Development of the model, scenario development, and testing of drought
management strategies was undertaken by DW supervised by AV, JB, and DH. DW also ac-
knowledges the helpful discussions with Kerstin Stahl (University of Freiburg), Chris Jackson
(British Geological Survey), Mike Jones (Thames Water), and Natalie Kieboom (Environ-

ment Agency).
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6.2 Background

Groundwater plays a key role during droughts by sustaining natural and anthropogenic water
demand (Graaf et al., 2019; Siebert et al., 2010; Dol et al., 2012). Meteorological droughts,
defined as periods of sustained dry weather (Mishra et al., 2010), reduce water availability
in soil moisture, surface water, and groundwater. Due to the natural delay in groundwater
recharge, it may take weeks, months or even years before a precipitation deficit propagate
through the hydrological cycle, resulting in a groundwater drought, defined as a deficit in
groundwater level (Yevjevich, 1967; Tallaksen et al., 2004). This results in a longer avail-
ability of groundwater, which is therefore often used to complement surface water during
droughts (Taylor et al., 2013; Cuthbert et al., 2019). Increased groundwater use may result
in aggravated streamflow droughts, a deficit in discharge or reservoir storage (Mishra et al.,
2010; Wada et al., 2013; Wanders et al., 2015). Overexploitation of groundwater, period-
ically during droughts or permanently, may lead to depletion of groundwater systems and
reduced drought resilience (Custodio, 2002; Custodio et al., 2019). Given the importance of
groundwater availability during droughts, there is a need for long-term drought management
plans that include groundwater use and management (Aeschbach-Hertig et al., 2012; Glee-
son et al., 2020). The question is, however, how groundwater can be managed best (White
et al., 2019; Jakeman et al., 2016) and whether sustainable water management can meet

both environmental and anthropogenic water demand during droughts.

Drought policies are designed to guide and structure drought response ultimately cre-
ating a drought resilient society (Wilhite et al., 2014). National drought policies vary in
their structure, focus on (different) water users, and implementation. Key elements are 1)
a drought definition, 2) monitoring of water resources and drought impacts, 3) risk man-
agement, 4) (early) warning systems, 5) interventions or drought management strategies, 6)

recovery and evaluation of drought events (Wilhite et al., 2014; De Stefano et al., 2015a;
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Urquijo et al., 2017). Studies aiming to compare drought policies address these facets often
in a qualitative manner, for example when comparing Australia and the US (White et al.,
2001; Botterill et al., 2012), different US states (Fu et al., 2013), and European countries
(De Stefano et al., 2015a; Urquijo et al., 2017; Ozerol, 2019). However, few of these drought
policies are assessed in terms of their effectiveness (Urquijo et al., 2017; Wilhite et al., 2014).
In Europe, drought polices or drought management plans are evaluated as part of the Water
Framework Directive (abbreviated as WFD, Directive 2000) and member states are encour-
aged to move from crisis management towards proactive management of droughts (Howarth,
2018). However, implemented drought policies vary (De Stefano et al., 2015a; Urquijo et
al., 2017) and there is currently no consistent methodology to assess drought policies with

respect to their impact on water resources or hydrological droughts.

Studies investigating feedback processes between drought policies and water resources
often use socio-hydrological models to capture both hydrological and anthropogenic responses
in time (Sivapalan et al., 2012; Di Baldassarre et al., 2015). Some studies address one specific
measure of a drought policy, for example focusing on environmental flow requirements (Klaar
et al., 2014), groundwater use (Apruv et al., 2017; Martinez-Santos et al., 2008), restrictions
on water use (White et al., 2019), conjunctive use of water resources (Huggins et al., 2018),
management regulations of reservoir storage (Di Baldassarre et al., 2018; Garcia et al., 2020;
Dobson et al., 2020), and awareness of water shortage during a drought (Garcia et al.,
2016; Gonzales et al., 2017). Jaeger et al. (2019) were the first to model a set of drought
policy measures. They tested separately and combined drought measures and showed that
reservoir regulations and timely interventions have a large impact on streamflow droughts.
Alternative water sources, such as groundwater, were not considered. Given the importance
of and increasing dependency on groundwater during drought (Aeschbach-Hertig et al., 2012;
Taylor et al., 2013; Cuthbert et al., 2019), there is a need to model drought policies that

apply to both surface water and groundwater.
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6.3 Aim of the study

This study aims to assess the impact of drought policies on hydrological droughts and wa-
ter resources for a range of hydrogeological conditions. For this, we used a lumped socio-
hydrological model to simulate drought management strategies that apply to both surface
water and groundwater. The socio-hydrological model represents an idealised (simplified)
hydrological system that includes water storage in a reservoir and groundwater system and
water use from surface water and groundwater. This model is used to evaluate separate and
combined drought management strategies that alter water use, the source of water supply,
and the amount of imported surface water. Drought management strategies are tested for a
range of hydrogeological conditions (high, medium, and low groundwater storage systems)
to assess their impact in different conditions. Results are discussed in terms of the relative
influence of drought management strategies (either separately or combined) on hydrological
droughts and water resource availability. In the sensitivity analysis (included in the result

section), model parameters are tested and discussed in further sections.

6.4 Case study

England is the used case study in this Chapter considering the publicly available information
on surface water and groundwater allocations during normal and drought conditions. Since
2003, water allocations are based on a catchment water balance approach as WFD standards
were integrated in national water policies (Environment Agency, 2016; Howarth, 2018).
Drinking water supply is the largest water user, comprising 55% of water use on average and
up to 90% in some densely populated regions (data from 2000-2015, presented in S8; Agency
2019a). Drinking water supply is privatised since 1989 and 18 drinking water companies

are currently in charge of providing drinking water in England (Ohdedar, 2017; Ofwat,
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2020). Thirteen drinking water companies rely on both surface water and groundwater
and those were used in this study to inform baseline conditions and drought management
scenarios (see Table S19). The source of water supply varies for the selected companies given
regional variability of surface water and groundwater. For example, companies with access to
principal aquifers might depend more on groundwater compared to companies with access to
shallow, less productive aquifers (Table S19). Considering the variation in surface water and
groundwater use and importance of groundwater during droughts, a range of hydrogeological
conditions was modelled using three different groundwater storage options in the groundwater
module, as described in Stoelzle et al. (2015). In addition to locally available water, water
transfers between drinking water companies overcome seasonal or annual shortages that
occasionally represent a large proportion of regional water use (Table S19; Dobson et al.
2020; Agency 2019b). These transfers also ease pressure on water resources and act as
emergency supply during droughts (Dobson et al., 2020). Pressure on water resources in
the case study is considerable. During normal conditions on average 88.5% of allocated
water is used and this can increase during periods of high water demand or droughts ( S19;
Agency 2019b). Not surprisingly, drought management plans are mandatory for drinking
water companies to guide their drought response. These plans are publicly available and
often updated. Most recent plans published by the thirteen drinking water companies have

been used in this study (see S18 for references to regional drought management plans).

Drought management plans in the UK consist of five main components: 1) drought
definition, 2) warning system based on drought trigger levels, 3) demand management, 4)
supply management, 5) evaluation of drought events (summarised in Table 6.1; references
in S18). Drought definitions and trigger levels are used to distinguish minor from severe
drought events and activate different drought management strategies with increasing severity
(Table 6.1). Drought trigger levels are often based on deficits in seasonal precipitation or

the total precipitation in winter months (also called dry winters in drought management
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plans) that is the main groundwater recharge period in the UK. Water levels in rivers,
reservoirs, and (key) groundwater boreholes are also used as drought triggers when flow or
storage levels are falling low. Drought plans list various demand-related and supply-related
drought management strategies that are activated in stages (see Table 6.1 for the variety of
implemented strategies). The most commonly applied strategies were implemented in the
model, if the model setup allowed it, using the average effect of these measures reported by

drinking water companies.

6.5 Data and Model structure

The developed socio-hydrological model consists of a water balance model driven by climate
data and a water demand model based on the regionally-averaged water resource manage-
ment plans. The temporal resolution is daily and the water balance model is driven by
climate data. Input climate data were selected to include the four most recent national
hydrological drought events (Barker et al., 2019), resulting in a period of investigation from

1980 to 2017.

6.5.1 Data

Climate data to drive the idealised socio-hydrological model should ideally represent average
climate conditions in England providing an estimate for precipitation (P) and reference
potential evapotranspiration (PET). Therefore, a regionally-weighted precipitation product

was selected to represent average precipitation conditions (at a daily time scale) (Alexander

"'Water use efficiency is included with hose pipe bans in first drought stage.

2Temporary use bans are sometimes only implemented during ‘moderate droughts’. Reductions in demand

are here taken as documented reductions as a result of drought policies in place.

3Not all public drinking water companies provided an estimate of demand reductions with rota cuts.
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Table 6.1: Recent drought management plans of 13 drinking water companies with staged

drought management strategies according to drought trigger levels (see S18 for references

to the drought plans). Average drought trigger levels are shown (range in parenthesis)

based on 11 drought plans with trigger levels under 100 years for initial drought stages.

Demand management and water supply strategies are shown per drought stage with model

implementations (4th and 7th column respectively). Modelled impact on water resources is

based on the average of reported effect of strategies by the drinking water companies. The

range of reported effect is in parenthesis and the number of reports is in squared brackets.

Surface water and groundwater are abbreviated as SW and GW respectively for readability.

Applied in

Applied in

Drought Demand Supply
drought plans Modelled as drought plans Modelled as
trigger level management plans management plans
(#) &)
Promote water use GW use increases
13 Demand reduces! ~ Maximise GW licence 3
efficiency 4% (2-6% [3])
Mild drought
R Water is imported
(1in 8.5 year [5-20])  Leak reduction 13 Import of SW 10
when storage falls below 25%
Water metering 6 Conjunctive use of SW & GW 6 Flexible use of SW & GW
Temporary use ban? Demand reduces SW use increases
13 Maximise SW licence 6
(non-essential) 5% (0-15% [13]) 6% (1-9% [6])
Reduce pressure
7 Deepening boreholes 4
on water network
River augmentation 8
Moderate drought Temporary use ban® Demand reduces
12 Reduce water export 9
(1 in 22.5 year [10-80]) (Commercial) 12% (1-33% [12])
Artificial recharge schemes 1
Reduction of ecological s Ecological minimum
minimum flow flow not maintained
GW use increases
Maximise GW licence 9
™% (1-13% [9])
SW use increases
Maximise SW licence 10
14% (1-98% [10])
Phase winter & summer
Installation of additional GW wells 6
water use
Severe drought
Demand reduces
(1 in 69 year [20-100]) Rota cuts 8 Reuse sewage water 5
36% (30-40% [3"])
GW use increases
Maximise GW licence 10

Maximise SW licence
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et al., 2001). In the absence of a regional product for PET, we selected a centroid location
to obtain a representative point location in England and extracted daily time series from the

(gridded) CHESS dataset (Robinson et al., 2016).

Baseline conditions for water demand were taken from water resource management
plans that document long-term (2000-2015) water demand and water availability for normal
year (Agency, 2019b). These documented volumes were converted into a percentage (water
demand divided by available water) representing water allocation per drinking water com-
pany (see Table S19). The average water allocation in percentage was 88.5%, implying that
on average 88.5% of available water is used for drinking water. This average was based on
water allocation for the selected drinking water companies had a narrow range of 82% - 95%
(Table S19). The average water allocation was used in the baseline and drought management
strategy scenarios. In the sensitivity analysis, water allocated was in/decreased with 5% (to
93.5% and 83.5% respectively). Proportional use of surface water and groundwater ranges
widely within England (15-88% and 10-84% for surface water and groundwater use, respec-
tively). Water demand is satisfied for on average 44.6% (standard deviation: 23.1%) surface
water and 48.5% (standard deviation: 24.1%) groundwater. The remaining water demand
(6.9%) was provided by imported water representing water transfers between companies.
Considering the large range of surface water and groundwater use between the companies,
alternative proportions of surface water and groundwater use were briefly tested in the base-
line result section. Tested alternative proportions were taken as the mean plus standard
deviation resulting in 67.7% (surface water) and 25.4% (groundwater) when using primarily
surface water. When using primarily groundwater, proportions of 72.6% (groundwater) and

20.5% (surface water) are used. The share of imported water remained constant.

Drought management strategies were based on regionally-averaged drought manage-
ment plans (Table 6.1) that were activated based on drought trigger levels (first column).

Trigger levels were averaged, although extremely long return periods (100-150 year) for ini-
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tial drought stages were excluded from this average. Nearly all drinking water companies
relate these trigger levels to precipitation, discharge, reservoir and groundwater levels. In
this study, modelled trigger levels relate to precipitation (using monthly SPI) and modelled
discharge and groundwater level time series. This means that if either surface water or
groundwater falls below the trigger level, for example,in a 1 in 8.5 year drought event, the
first category of drought management strategies is activated. Different trigger levels are ap-
plied to reservoir storage levels. These reservoir trigger levels vary, but the range is similar
for droughts with increasing severity. Reservoir trigger levels in the first drought category
typically start from 80% to 60% of reservoir storage, second category from 60% to 30%,
and the last from 30% to 12% (see individual drought management plans, reference in S18).
Therefore, reservoir trigger levels of 75%, 50%, and 25% were modelled based to activate

drought management strategies for surface water.

Due to the lumped model setup, only a selection of the listed management strategies
could be modelled. For example, strategies aimed at spatially-distributed water resources,
such as (urban) waste water reuse and river augmentation could not be simulated. Selected
strategies were first tested separately resulting in the following four scenarios (Table 6.2). The
first scenario focuses on water supply and includes an increase in water use for both surface
water and groundwater. The percentage increase represents the average of the reported range
that are described in Table 6.1 in column 7 for each drought stage. The second scenario
focused on restricting water demand and reduces surface water and groundwater demand
with the average percentage (range is presented in Table 6.1 column 4). The third scenario
is conjunctive water use that integrates surface water and groundwater use. Depending
on the (highest) available storage, either surface water or groundwater is used to meet
the total daily water demand. The fourth scenario maintains the ecological flow and is
also known as ‘hands off flow’. Groundwater use is restricted when baseflow falls below

the seasonal ecological minimum flow threshold (80 percentage). In addition to the four
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separate scenarios, two combined scenarios were modelled to investigate the combined effect
of drought mitigation strategies with either conjunctive use (scenario ‘combined 1-2-3’), or

maintaining the ecological flow (scenario ‘combined 1-2-4’).

Table 6.2: Detailed description of the four separate drought management strategies. Note
that staged drought management strategies under the first and second scenario (1: Water
supply and 2: Restricted use) are activated by drought trigger levels. The third and fourth
scenario are active throughout the modelling period (1985-2017). Modelled scenario rules
are based on (averaged) documented drought management strategies and reported impact

of these (see Table 6.1 for details).

1: Water supply 2: Restricted use 3: Conjunctive use 4: Maintaining ecological flow

+ 6% surface water use
Mild drought Water demand -5% No groundwater use,

+ 4% groundwater use
Integrated storage use when baseflow falls below

+ 14% surface water use ) o
Moderate drought Water demand -12% ecological minimum flow

+ 7% groundwater use

t 10% surface water use
Severe drought Water demand -36%

t 12% groundwater use

Applicable at all times: Surface water import when reservoir levels fall below 25%
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6.5.2 Model structure

The socio-hydrological model consists of a lumped water balance model, as previously de-
scribed in Van Lanen et al. 2013. From this water balance model, the linear groundwater
was extended and available surface water (in the surface water reservoir) and groundwater
were used to meet the water demand (Figure 6.2). Climate data is used as input for the
soil moisture balance, generating runoff and groundwater recharge that are routed further to
the surface water and groundwater module, respectively. Based on the 37-year time period
(1980-2017) of the input climate data, a 5-year spin-off period was excluded for the drought
mitigation scenarios. This spin-off period includes water use, but no drought management
strategies. Drought characteristics of baseflow and groundwater storage were calculated ap-
plying a threshold of the lowest 80" percentile of the baseline run, corresponding to a ‘once
every 5 year drought’ (Yevjevich, 1967; Tallaksen et al., 2004; Mishra et al., 2010). This

baseline threshold was also used for the drought management scenarios.

For simulating soil moisture, a medium soil (light silty loam soil: Soil IT) is modelled,
generating daily balance (Equation 6.1, Van Lanen et al. 2013). The daily soil moisture (SS
for daily time steps ;) determined the actual evapotranspiration (ETa) that was calculated
from PET. ETa was taken equal to PET when SS; is between field capacity and critical

soil moisture content (well-watered grass would in this case transpire at the potential rate),

SS:—SSwp

T and below wilting point ETa was

ETa was reduced for drier soils with a factor
assumed to be zero (Van Lanen et al., 2013). Overland flow or runoff (Qr) occurs when
the soil reaches field capacity (168.9 mm) and when it is raining on very dry soil (below
critical moisture content of 95.2 mm). Groundwater recharge (Rch) is calculated from the
daily soil moisture content depending on the soil moisture retention shape parameter and

the unsaturated hydraulic conductivity (Equation 6.3). Long-term annual average runoff

and groundwater recharge generated by the soil moisture balance define the total available
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SSt = SSt—l + Pt - ET(Zt — Q?"t - RCht (61)

Equation 6.1: Soil moisture balance (SS) driven by precipitation (P) and actual evapotran-
spiration (ETa), generating runoff (Qr) and recharge (Rch). The long-term annual average

runoff and recharge defined the total available water for water use.

;

SS, — SSpe if SS; > SSre
Qre 0 if SSop <SS, < SSpe (6.2)

P it S5, < SScgr & P > 2 mm/d

Do

Equation 6.2: Runoff (Qr) for overland flow conditions (SS exceeds field capacity or is too
dry). Generated runoff is routed to the surface water reservoir and available for surface water

use from the surface water reservoir.

water for anthropogenic water use. Allocated water is taken as a fraction (88.5%) of the

total available water and divided equally over the days of the year (Table S19).

The second model component is a surface water reservoir that stores generated runoff
and baseflow. Stored water is used to meet the surface water demand (44.6% of allocated
water) and therefore impacted by drought management strategies (illustrated by the yellow
box in Figure 6.2). Reservoir storage can be complemented with imported surface water when
storage declines. In the baseline scenario, surface water is only imported when storage is
insufficient to meet the surface water demand. During droughts, water is regularly transferred
from one region to another to overcome shortages in reservoir storage (see Table 6.1; also
described in Dobson et al. 2020). Modelled reservoir storage levels are refilled with imported
surface water (Qimp) when storage declines below 25% in drought management scenarios.
In the model, Qimp is unlimited and additional to the water balance. Maximum reservoir

storage is set to one year of winter recharge, defined as the long-term total precipitation in
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(

0 if 55, > SSpc
S85:—58 b :
Reh =\ (855868 ) ke if SScn < S8 < SSpe (6.3)
0 otherwise SS; < SScr

\

Equation 6.3: Recharge (Rch) defined as a downward flux from the soil to groundwater is
calculated by a power function with a shape parameter (b = 3; average conditions Seibert
2000) and unsaturated hydraulic conductivity at field capacity of a light silty loam soil (Soil
II: 22.3 mm/day Van Lanen et al. 2013 and Tanji et al. 2002). Generated recharge is routed

to the groundwater module.

the period December to February. Excess reservoir storage (Qout) leaves the model and is

not used to meet surface water demand.

The groundwater module consists of one module with three different options for hy-
drogeological conditions. The three options represent baseflow generation for different aquifer
structures with high, medium, and low groundwater storage (based on the karstic, porous,
and fractured aquifers in Stoelzle et al. 2015). All options are tested for baseline conditions
and drought management scenarios. The high storage system is modelled with a non-linear
power law (Equation 6.4). The medium storage system is computed by a linear storage
reservoir with additional by-pass component (Equation 6.5) and the low storage system is
represented by two parallel linear storage reservoirs (Equation 6.6). Groundwater use (Agw)
was taken from the daily groundwater storage balance resulting in different time series for
baseflow and groundwater storage. From the generated baseflow (Qb), the ecological mini-
mum flow (Qeco) is first taken to allocate water for the environmental water demand. Qeco
is calculated as the 80" percentile of the baseline time series. The remainder of baseflow is
routed to the surface water reservoir. This implies that on days when baseflow is less than

Qeco, no baseflow is routed to the surface water reservoir and all available water is allocated
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for environmental water demand. Maintaining environmental flow is only applied in some
drought management scenarios, in which groundwater use is restricted when flows fall below

the 80th percentile.

Groundwater storage-outflow parameters for the high, medium, and low groundwater
storage systems were based on primary aquifers in the UK (Allen et al., 1997) and alternative
parameters were tested in the sensitivity analysis (Table 6.3). The values for groundwater
storage are effectively determining discharge outflow (baseflow) and also are called ground-
water storage-outflow parameters (s in days™!). In addition to s, the response time (in days)
of groundwater storage systems is also shown in Table 6.3, as this is a more intuitive unit.
If groundwater storage is depleted, additional groundwater storage (GSimp) is imported to
meet the groundwater demand. Similar to imported surface water, as additional ground-
water is unlimited and additional to the water balance. In reality, additional groundwater

would come from other aquifer sections.

In the sensitivity analysis, alternative groundwater storage parameters were tested
that may in/decrease storage in the baseline and potentially alter the impact of drought
management scenarios. To evaluate the relative sensitivity of storage-outflow parameters
and scenarios, new drought thresholds were calculated taking the 80 percentile of each
baseline run with an alternative groundwater storage-outflow parameters. Similar to the
main analysis, impact of drought management strategies is taking from this baseline and

drought threshold (with alternative storage parameter).
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Precipitation (P)
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ool # (Rch) 2: Surface water|(Qmp
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Altered model components in drought management scenarios

Figure 6.2: Socio-hydrological model setup that consists of a soil moisture balance (1) driven
by precipitation (P) and potential evapotranspiration (PET),a surface water reservoir (2)
that stores generated runoff (Qr), and a groundwater module (3) driven by groundwater
recharge (Rch). From generated baseflow, the natural water demand (ecological flow re-
quirements: Qeco) is met first before routing remaining baseflow (Qb) to the surface water
reservoir. Anthropogenic water demand is taken from the surface water reservoir and ground-
water storage (Asw and Agw, respectively). When surface reservoir and groundwater storage
are unable to meet water demand, additional water is imported in the model. For the surface
water reservoir, this represents surface water import (Qimp) by water transfers. Additional
groundwater is also imported and considered as an external groundwater source (GSimp).
Drought management strategies apply to the surface water reservoir, groundwater module,

and water demand (illustrated by the yellow box).

118



Modelling strategies to manage and mitigate hydrological droughts

Qb, = sGSP
High groundwater storage aquifer = (6.4)

GSt = GSt,1 + RCht — th — Agwt

Equation 6.4: Baseflow (Qb) and groundwater storage (GS) for the high storage system
represented by a non-linear power law. B is taken as 0.5 based on the normal range is
0.3 - 1 from Stoelzle et al. 2015). Table 6.3 shows the range and modelled groundwater

storage-outflow (s) values for high groundwater storage aquifers.

th = SGSt + DRCht
Medium groundwater storage aquifer =

GS; = GS;_1 + (1 — D)Rchy — Qb — Agw,
(6.5)
Equation 6.5: Baseflow (Qb) and groundwater storage (GS) for medium storage system
represented by a linear storage reservoir with additional by-pass component (D). D is taken
as 0.1 based on the range of 0.07 to 0.12, as tested in Stoelzle et al. 2015). Table 6.3 shows
the range and modelled groundwater storage-outflow (s) values for medium groundwater

storage aquifers.
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Table 6.3: Groundwater storage-outflow s values for the three groundwater options in the
groundwater module. The first row shows s values used by Stoelzle et al. (2015), the second
row shows representative s values for England based on Allen et al. (1997), and the third row
presents the modelled s values for the three groundwater options. Baseflow and groundwater
storage are calculated with these s values in Equations 6.4-6.6. In the sensitivity analysis, a
range of s values was calculated (last row). For the low storage system, only s; was changed
in the sensitivity analysis. The response time (in days) is shown for the modelled s values

in parenthesis.

High Medium Low
storage storage storage
system system system
(s in days™') (s in days™!) (s in days™!)
s values
st : 0.004-0.011
as modelled 0.008-0.025 0.001-0.01
59 1 0.05-0.25
by Stoelzle et al. (2014)
Representative s values
for England 0.009-0.04 0.0008-0.004 0.002-0.02

by Allen et al. (1997)

s1 : 0.005 (200 days)
Modelled (mean) s values 0.02 (50 days) 0.004 (250 days)

sy : 0.1 (10 days)

0.01 (100 days)  0.001 (1000 days) 0.002 (500 days)
Alternative s values

0.0133 (75 days) 0.002 (500 days)  0.00285 (350 days)
in sensitivity analysis

0.03 (33 days) 0.01 (100 days) 0.01 (100 days)
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;

th = 31G51t + 82G52t

Low groundwater storage aquifer =< @51, = GS1, | + 1Rehy — 5:GS1, — L Agu, (6.6)

GS2, = GS2i_1 + %Rcht — 5GS2; — %Agwt
\

Equation 6.6: Baseflow (Qb) and groundwater storage (GS) for low storage system repre-
sented by a two parallel linear storage reservoirs. Total groundwater storage is a sum of
both parallel linear storage buckets for which recharge and water demand is equally divided.
Table 6.3 shows the range and modelled groundwater storage-outflow (s; and s5) values for

low groundwater storage aquifers.

6.6 Results

The results are presented in four sections starting with baseline conditions for the three
modelled hydrogeological conditions. In section 6.6.2, drought management strategies are
presented, followed by the hydrological droughts analysis for these strategies. The sensitivity

analysis is presented last.

6.6.1 Baseline

In the baseline scenario, the soil moisture shows inter-annual variations, but no systematic
wetting or drying, as the total water balance is close to zero (18mm) for 37 years (see Figure
S9). Periods of below-normal precipitation resulting in reduced groundwater recharge and
runoff are visible in spring 1989, 1991-1992, 1996-1997, 2003-2004, 2005-2006, 2010-2012,
and June 2017. These periods are colour-coded according to drought definitions in Table
6.1 in Figure 6.3. Periods of above-normal precipitation are noted in 1991, 2001 and 2012

resulting in a saturated soil with excess runoff generation instead of recharge.
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Surface water availability in the baseline follows the inter-annual variability in runoff
and baseflow that is generated by the groundwater modules (Figure 6.3). Surface water
demand (44.6% of allocated water) is taken from stored runoff and baseflow in the surface
water reservoir. A small percentage (6.9%) is always imported, representing water transfers
between drinking water companies. In the high groundwater storage system, surface wa-
ter availability is lowest (mean: 16%), range: 0-89%) and groundwater availability is high.
Surface water availability is much higher in the medium and low groundwater storage sys-
tems with on average 36% and 66% reservoir storage, respectively. In the low groundwater
storage system, low reservoir storage levels occur during mild droughts only. When surface
water availability is insufficient to meet the daily demand, additional surface water is im-
ported. This additional import represents 15%, 9%, and 7% of the total water demand for
the high, medium, and low groundwater storage systems, respectively (Figure S11, high and
low groundwater storage systems in Figure 6.4). These percentages of imported surface wa-
ter thus suggest that surface water availability is sometimes insufficient to meet the surface

water demand.

Groundwater availability is largest in the high groundwater storage system and smaller
for the other two catchments (medium and low groundwater storage systems; Figure 6.3).
Groundwater in the high storage system buffers more mild droughts compared to the other
two systems, for which groundwater storage depletes rapidly in summer months. The over-
all low groundwater storage in these systems results in lower baseflow and ecological flows.
Compared to scenarios without water use (see Figure S10), groundwater storage and base-
flow are much lower, showing the pressure on groundwater systems given current water
demand. Additional groundwater import represents a relatively small proportion (1%) in
the high groundwater storage system compared to the medium and low systems (11% and

17% respectively; see Figure S11, high and low storage systems in Figure 6.4).

When changing the relatively even proportion of surface water and groundwater,
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Figure 6.3: First panel shows the standardised Precipitation Index (SPI) for regionally
averaged monthly precipitation. Drought severity is indicated in three colours according to
three drought stages in drought management plans (Table 6.1). Other three panels show
daily baseline conditions for surface water availability (reservoir storage) and groundwater
availability for high (green), medium (gold), and low (blue) groundwater storage systems.
In the baseline, reservoir storage is a function of runoff, baseflow (minus ecological flow)
and surface water demand (44.6% of available water). Groundwater storage is a function of
stored groundwater recharge and abstracted water demand (48.5% of allocated water). The
remainder water demand 6.9% is always imported, representing the water transfers between
drinking water companies S19. Note that y-axes are different for the 3 systems. Reservoir
capacity is constant and defined as the total long-term winter precipitation (see 2.2 Model

structure).
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using the mean and standard deviation from Table S19, the amount of imported water can
be reduced depending on the storage capacity. In the medium and low groundwater storage
systems, using primarily surface water (67.7%) results in a slight increase of imported surface
water and a reduction of imported groundwater use compared to the baseline (Figure S11).
This is in sharp contrast to the high groundwater storage system, for which primarily surface
water use implies a steep rise in imported surface water. The surface water reservoir is
insufficient to meet the surface water demand and over 25% of surface water demand is
imported. When using primarily groundwater (72.6%), surface water import reduces to the
set 6.9%, but imported groundwater increases from 1% in the baseline to 18% in the high
groundwater storage system. In the medium and low storage systems, imported groundwater
increases even more up to 30% and 32%, respectively. These alternative proportions of water
use show that the amount of imported water reduces when optimising water storage and use
of both water resources. This was further tested in the conjunctive use drought management

scenario.

6.6.2 Drought management scenarios

Out of the four drought management strategies, conjunctive use of surface water and ground-
water has the largest impact on surface water and groundwater availability (Figure 6.5; only
the low groundwater storage system is shown as results are very similar). In this scenario,
surface water and groundwater use are integrated. Using either surface water or groundwater
depends on the relative availability of the resource resulting in flexible water use depending
on the relative storage levels. In the low groundwater storage system, conjunctive water use
results in an increase in groundwater storage and baseflow. In this case, locally available
surface water is used more intensively representing 65.6% of total water demand (Figure

6.4). Groundwater use decreases to 17% resulting in a 50% increase in baseflow compared
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Baseline —High GW storage-
Baseline ~Low GW storage-
Sc.1: Water supply —High GW storage

Sc.1: Water supply ~Low GW storage-

Sc. 2: Restricted use —High GW storage

Sc. 2: Restricted use ~Low GW storage

Sc. 3: Conjunctive use —High GW storage-

Sc. 3: Conjunctive use —Low GW storage-

Sc. 4: Hands off flow —High GW storage

Sc. 4: Hands off flow ~Low GW storage-

Combined 1-2-3 —-High GW storage-
Combined 1-2-3 —~Low GW storage

Combined 1-2-4 —High GW storage

Combined 1-2-4 -Low GW storage-

25% 50% 75% 100%
Total water demand relative to baseline scenario (%)

B Groundwater | Imported groundwater [ll Surface water || Imported surface water
Figure 6.4: Total water demand for baseline (rows 1 & 2), separate drought management
scenarios (rows 3-10), and combined scenarios (11-14) in the high and low groundwater stor-
age systems. Names of both groundwater storage systems are abbreviated as ‘High/Low
GW storage’ for readability. Total water demand is met by a combination of surface water
(imported and locally available) and groundwater (imported and locally available) and per-
centages are relative to baseline conditions. Note that total water demand in scenarios can

be different to baseline conditions due to the drought management strategies.
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to the baseline. In the high groundwater storage system, surface water and groundwater
use changes mainly in timing and show a minimal change in proportional surface water and
groundwater use compared to the baseline (Figure 6.4). Baseflow remains high, similar to
the baseline, although groundwater storage reduces slightly (Figure 6.5). Additional ground-
water import reduces to a minimum in both systems, although this comes at the expense of
imported surface water, which increases to 24.5% and 15.5% in the high and low groundwater

storage systems respectively (Figure 6.4).

Second to the conjunctive use scenario, hands off flow (4" scenario) also has a substan-
tial impact on the high groundwater storage system resulting in higher groundwater storage
and baseflow (on average 14%; groundwater time series shown in Figure 6.5). Key difference
with baseline conditions is the restriction on groundwater use to maintain minimum flows
(not used to meet anthropogenic water demand). The restrictive use of groundwater results
in a continuous increase in groundwater storage in the high storage system, compared to
periodic increases in storage in the low storage system. These periodic increases in storage
result in a minimal increase in baseflow (on average 1%) suggesting that this scenario has
much less impact in the low groundwater storage system. With restricted groundwater use,
surface water use increases to meet the water demand. In the low storage system, the use
of locally available surface water increases with 2.2%, but most surface water is imported
(additional 6.5%). In the high storage system, no locally available surface water is available

and the increased surface water use is primarily imported (additional 10.7%; Figure 6.4).

The first and second scenarios (increased water supply and restrictive use) result in
periodic in/decreases during meteorological droughts (Figure 6.5). Increasing water supply
during droughts (1% scenario) results in storage deficits that often recover after drought
periods. A reduction in water demand (2"? scenario) shows a similar, but opposite, pattern
with an increase in groundwater storage during most severe meteorological droughts resulting

from the severe restrictions on water use. Compared to the baseline, water restrictions
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Figure 6.5: Impact on groundwater storage by four separate drought management scenar-
ios. Coloured surfaces match the increasing severity of meteorological droughts (related to
trigger levels, see Table 6.1). Baseline conditions for high and low groundwater storage sys-
tems are shown in the first and third panel. Second and fourth panel show the impact of
drought management strategies in these systems (baseline minus scenario). The four sepa-
rate drought management strategies represent 1) increased water use from both surface water
and groundwater (1: Water supply), 2) restricted water (2: Restricted use), 3) integrated
use of surface water and groundwater (3: Conjunctive use), 4) maintaining the ecological

flow by reducing groundwater abstractions (4: Hands off flow). For details see Table 6.3.
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reduce the overall water demand slightly for high and low storage system (96% and 98%,
respectively). The impact of increased water use is larger, as the total water demand exceeds

the baseline due to increased surface water import (111% and 105%, respectively).

The two combined drought management scenarios show an overall increase in baseflow
and groundwater storage. Baseflow increases when hands off flow is combined with scenarios
1 and 2 (combined 1-2-4 scenario), particularly for the high groundwater storage system (14%
and 1% for high and low system respectively). Combining conjunctive use with scenarios 1
and 2 (combined 1-2-3 scenario) results in a slight reduction in groundwater storage for the
high storage system (-8%), but baseflow increases 42% on average in the low storage system.
Both combined scenarios show that total water use is comparable to baseline conditions
(Figure 6.4), implying that the increase in water use of the first scenario is in balance with
the decrease in water use of the second scenario. The use of imported groundwater reduces
in both combined scenarios compared to the baseline, but the dependency on imported
surface water increases, which is related to import of surface water when reservoir levels fall
below 25% (Table 6.1). This is because, surface water availability decreases rapidly during
meteorological droughts resulting in activating the reservoir trigger levels and consequently

importing surface water to complement reservoir storage (reservoir level time series in Figure

S12).

6.6.3 Impact on hydrological droughts

In the baseline, there is a large difference in hydrological drought characteristics between
the two groundwater storage systems (Table 6.4). In the high groundwater storage system,
baseline conditions show longer baseflow and groundwater droughts compared to the low
storage system. Baseflow and groundwater droughts are on average 333 and 344 days (ap-

proximately 11 months). In the low groundwater storage system, hydrological droughts are
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remarkably intense for their short duration (66 and 88 days for baseflow and groundwater,
or 2-3 months). Both baseflow and groundwater time series are flashy, with a high baseflow
component in winter and rapidly declining flows in summer months (Figure 6.3). This differ-
ence results in the high drought intensities compared to those of steady, but lower baseflow in
the high groundwater storage system. In the high storage system, groundwater droughts are
more intense on average, which is not surprising given the large buffer. This buffer in the high
groundwater storage system results in slower drought propagation with consequently more
intense hydrological droughts that occur less frequently buffering meteorological droughts.
The low groundwater storage system is on the other end of the spectrum with low storage
that depleted rapidly resulting in double the amount of groundwater droughts compared to
meteorological droughts. Baseline hydrological droughts are thus different in both systems
given the contrasting slow/fast response to recharge, baseflow variation, and groundwater
storage. The impact of drought management strategies (separately or combined) is remark-

ably different for the two groundwater storage systems.

In the combined scenario including conjunctive use (combined 1-2-3), groundwater
droughts are shorter in both systems compared to baseline conditions (Table 6.4). Drought
intensity reduces in the high groundwater storage system, compared to a slight increase in
baseflow droughts in the low storage system. Drought frequencies of both baseflow and
groundwater show a sharp contrast between the two systems, as drought frequency increases
from 7 events to 24 and 23 for baseflow and groundwater in the high storage system, compared
to a reduction in the low storage system. Groundwater time series in the low storage system
in Figure 6.6 show that short groundwater droughts are alleviated in 1985, 1988-1989,1991,
1995-1996, 2001, 2003, 2009, 2011 and 2016-2017. Remaining events are of a shorter duration
and reduced severity. However, in the high storage system, groundwater droughts also occur
without initial precipitation deficits, which might be related to the altered surface water

and groundwater abstractions, as there are no meteorological droughts observed in 1988,
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Table 6.4: Hydrological drought duration, maximum intensity, and drought frequency for the
high and low groundwater storage systems. Mean hydrological (baseflow and groundwater)
droughts are presented with standard deviation for baseline, combined 1-2-3, and combined
1-2-4 scenarios. See Table 6.2 for specific modelling rules in the two combined scenarios.

Groundwater storage time series and groundwater droughts are shown in Figure 6.6.

Drought duration Maximum drought intensity | Drought frequency
(in days) (in mm) (count of events)
Baseflow  Groundwater | Baseflow Groundwater | Baseflow Groundwater
Baseline
333 £150 344 £127 -0.16 £0.07 -96.2 £44.3 7 7
High groundwater gscenario
storage system Combined 1-2-3
145 £73 152 £71 -0.04 £0.02 -51.7 £21.7 24 23
scenario
Combined 1-2-4
165 £75 166 +75 -0.04 £0.02 -45.1 £20.7 6 6
scenario
Baseline
66 £33 88 +64 -0.31 £0.2  -16.0 £11.2 25 20
Low groundwater scenario
storage system Combined 1-2-3
58 +16 62 +8 -0.38 £0.2  -14.3 £2.9 8 5
scenario
Combined 1-2-4
67 £28 92 +60 -0.32 £0.21 -18.2 £11.2 20 15
scenario
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1992-1993, 1999-2000, 2002, 2008, 2009, and 2015-2016.

The combined scenario including hands off flow (combined 1-2-4) also shows mixed
impacts on hydrological droughts in the two systems. In the high groundwater storage
system, drought severity and duration reduces on average compared to baseline conditions
(Table 6.4). Time series show alleviated groundwater droughts in 1993 and 2009. In the low
storage system, however, the impact of the 1-2-4 combined scenario is much less. Drought
duration and intensity reduces slightly and droughts are alleviated in 1996-1998, 2006, and
2011. This is not surprising seeing the overall low ecological minimum flow and therefore

limited impact on restricted groundwater use.

6.6.4 Sensitivity analysis

Groundwater storage-outflow parameters

The tested different groundwater storage-outflow parameters are based on (mean) aquifer
characteristics in England (Allen et al., 1997) and the range of groundwater storage-outflow
coefficients presented by Stoelzle et al. 2015 (parameters are shown in Table 6.3). These
tests show that groundwater storage in the high groundwater storage system increases more
compared to the low groundwater storage system (Figure S13). This increase in storage has
only small consequences for hydrological droughts (groundwater droughts shown in Figure
6.7), as drought duration and intensity increase slightly for each drought event. In the
low groundwater system, larger differences in hydrological drought duration are found, as
maximum duration increases from 137 days (baseflow) and 237 days (groundwater), to 273
and 455 days, respectively. The droughts in the low groundwater system also increase slightly

in severity.
When running the drought management strategies (combined scenarios only) the

131



Modelling strategies to manage and mitigate hydrological droughts

High groundwater storage system
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Figure 6.6: Hydrological droughts shown for the baseline scenario and the six tested drought
management scenarios (four separate scenarios and two combined scenarios). In the first and
third panel, time series of groundwater level variation in the two groundwater storage systems
(high and low) are shown for both baseline (black) and combined scenarios (combined 1-2-3 in
dotted blue and combined 1-2-4 in striped red). Baseline drought events are marked in grey
following the drought threshold (grey striped). Coloured surfaces indicate mild, moderate,
and severe meteorological droughts (measured in SPI) following definitions in Table 6.1 and
colour scale of Figure 6.3. In the second and fourth panel, groundwater drought occurrence

and maximum intensity is shown for drought management scenarios for both catchments.

Note that the coloured maximum drought intensity scale is the same for both catchments

with red being the most severe and blue representing least intense droughts.
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model with these different groundwater storage-outflow parameters in the two groundwater
storage systems, the overall hydrological drought intensity and duration reduce for most sce-
narios (see Figure S14). The combined scenario 1-2-4 (including maintaining the ecological
minimum flow) reduces hydrological drought duration for all groundwater storage-outflow
parameters, even for high storage parameters in the two different groundwater storage sys-
tems (Figure S14). The combined scenario 1-2-3 (including conjunctive use) results in longer
droughts, but less severe droughts, particularly for increased storage parameters. In the high
groundwater system, groundwater drought duration increases dramatically with the highest
groundwater storage parameters, as groundwater storage declines in this scenario and falls

below the drought threshold resulting in a depleted system with exceptionally long drought.

Altered water allocation

Altering the water allocation with 5% shows the significant pressure on water resources
resulting in lengthened droughts in the high groundwater storage system and significant
imports of surface water. When increasing the water allocation (from 88.5% to 93.5%), hy-
drological drought duration in the high groundwater storage system increases to 866 and 867
days for baseflow and groundwater respectively (groundwater in Figure 6.7). Hydrological
drought duration nearly doubles compared to hydrological drought duration in baseline con-
ditions (Table 6.4). Increasing the water allocation results also in additional shorter events
that increase the drought frequency. Reducing water allocation with 5% results in fewer
severe droughts with a maximum of 453 and 456 days for baseflow and groundwater drought
duration, respectively. This drought alleviation would, however, require a permanent cut in
water consumption. This is, in addition to the existing water restrictions during drought
only. In the low groundwater storage system, in/decreasing the water allocation has less
direct impact on hydrological droughts, as drought duration and severity are similar to the

baseline. However, in this system additional water use is compensated by an increase in
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imported groundwater and surface water.

An increase in imported surface water and groundwater is also found in the com-
bined drought management scenarios. Both combined drought scenarios reduce hydrological
droughts successfully (S15), although this comes at the cost of increased surface water and
groundwater imports. For example, increased water allocation (93.5%) in the high groundwa-
ter storage system with the combined 1-2-4 scenario reduces maximum hydrological drought
duration from 866 and 867 days to 308 and 309 days for baseflow and groundwater, respec-
tively (S15). This drought alleviation comes with an increase of imported surface water
representing 30% of the total increased water demand. Reduced water allocation (83.5%)
results in shorter droughts of maximum 218 days with slightly less surface water import (27%
of total water demand). These increased percentages of imported surface water show the
pressure on water resources and the true cost to reducing hydrological droughts in combined

drought management scenarios.
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Figure 6.7: Impact of in/decrease modelled storage-outflow parameters and in/decreased
water allocation on groundwater drought characteristics (drought duration and maximum
intensity). The range and reference for tested groundwater storage-outflow parameters can
be found in Table 6.3. The range of documented water allocation of the selected drinking
water companies can be found in S19. The first two panels show drought characteristics of the
high groundwater storage system. The second two panels represents drought characteristics
for the low groundwater storage system. Drought impacts following mean values for storage-

outflow parameters and water allocation are shown in squares (all panels).
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6.7 Discussion

6.7.1 Model

The impact of drought management strategies on hydrological droughts was investigated
using a socio-hydrological model for a range of hydrogeological conditions. Comparing dif-
ferent drought management strategies in a quantitative manner complements qualitative
comparisons of previous studies (White et al., 2001; Wilhite et al., 2014; Urquijo et al.,
2017). Some of the tested strategies have been assessed separately, as studies focused on
either water demand (Low et al., 2015; Maggioni, 2015; Gonzales et al., 2017; Hayden et
al., 2019), adaptive water management (Thomas, 2019; White et al., 2019), or conjunctive
use combined with managed aquifer recharge to increase drought resilience (Scanlon et al.,
2016; Alam et al., 2020). Jaeger et al. (2019) and Dobson et al. (2020) show that combined
drought policy interventions mitigated streamflow droughts by altering reservoir storage
regulations and transfers. Results in this study also show mitigated baseflow droughts in
separately and combined scenarios, but important differences are found between the tested
hydrogeological conditions. When integrating both surface water and groundwater storage
by applying conjunctive use in a low groundwater storage system, baseflow increases and
hydrological droughts reduce. This comes, however, at the cost of additional surface water
import that fulfills storage deficits in groundwater. In high groundwater storage systems,
restrictive groundwater use during low flow periods showed to be most effective in reducing

hydrological droughts, but also comes with additional import of surface water.

The tested hydrogeological conditions show a positive relation between drought dura-
tion and groundwater-outflow storage properties confirming earlier studies in natural settings
using a virtual model (Van Lanen et al., 2013; Van Loon et al., 2014) and a spatially-

distributed model (Carlier et al., 2019). Findings in the sensitivity analysis show that this is
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true for both high and low storage systems. Hydrological droughts in the high groundwater
storage system are longer and have a longer drought recovery. In the low groundwater stor-
age system, mostly short, climate-controlled droughts are observed that was also found by
Stoelzle et al. (2015). Both baseflow and groundwater droughts have a short response time
and limited lengthening of hydrological droughts even when the pressure on water resources
increases. These findings match observations made across English aquifers that are char-
acterised by a low or high groundwater storage (Bloomfield et al., 2013; Bloomfield et al.,
2015).

6.7.2 Impact of drought management strategies on hydrological

droughts

Out of the four separate drought management strategies conjunctive use is most effective
in easing pressure on water resources resulting in reduced hydrological droughts, increased
baseflow, and groundwater storage, particularly in the low groundwater storage system.
Integrating both water resources has been found invaluable as management strategy with
increased drought resilience as ultimate result (Scanlon et al., 2016; Noorduijn et al., 2019;
Holley et al., 2016). Conjunctive use does not create water, but optimises storage use,
particularly in catchments with large surface water storage (Bredehoeft, 2011). Flexible
use of surface water and groundwater aligns the timing problem between water use and
availability (Taylor et al., 2013; Cuthbert et al., 2019). It should be noted that conjunctive
use could also alter the river regime, resulting in adverse impacts on ecohydrology (Rolls
et al., 2012). In the high groundwater storage system, conjunctive use has mixed results as
groundwater storage reduces, resulting in frequent, but less intense hydrological droughts.
This was also found by Shepley et al. (2009), who found that groundwater levels fell due to

increased groundwater use in an English conjunctive use system. Optimising the timing of

137



Modelling strategies to manage and mitigate hydrological droughts

surface water and groundwater use is key for a successful conjunctive system, although the
required flexibility might have practical limitations for water managers (Bredehoeft, 2011).
For example, water use licences are often set to a specific water source and re-allocation
of water licences can be difficult, which limits implementation of conjunctive use (Holley
et al., 2016; Noorduijn et al., 2019). A degree of flexibility can be achieved when water
management units are large enough to contain multiple source-specific licences (Shepley et
al., 2009; Fowler et al., 2007; Thorne et al., 2003). Current practises show promising results
for current and future water use (Fowler et al., 2007), although detailed (water management
specific) modelling is required to investigate the potential for specific water management

units in England.

Maintaining the ecological minimum flows is also very effective in mitigating droughts,
particularly in the high groundwater storage system. This confirms earlier findings focusing
on the protection of ecosystems using trigger level regulations (Werner et al., 2011; Noor-
duijn et al., 2019). Crucial to the success of both is the integration of surface water and
groundwater use to maintain low flows (Howarth, 2018). However, results show that impact
of hands off flow relies on the defined trigger level (defined ecological minimum flow) and
baseflow component. When increasing storage-outflow parameters in the sensitivity analysis
and thereby increasing the baseflow component, impact of the hands off flow scenario in-
creases. Defining the ecological flow correctly is key, as protecting the minimum flow might

not preserve natural (undisturbed) river flows per se (Howarth, 2018).

Combined drought management strategies show primarily the impact of conjunctive
use and hands off flow in both systems. The impact of drought mitigation scenarios 1
and 2 (increased water supply and water conservation) is mostly noticeable during extreme
drought conditions when water demand reduces more than groundwater use increases. Water
demand reduces with 36% in most extreme drought conditions, which is similar to extreme

water reductions realised in Melbourne during the Millenium Drought (Low et al., 2015),
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but not as low as water restrictions enforced in some parts of Cape Town during the Day

Zero crisis (Rodina, 2019; Garcia et al., 2020).

When introducing a permanent increase in water use (+5%), the effect on water
resources is evident as hydrological droughts increase disproportionally in duration and ad-
ditional imported surface water is required to meet the water demand. Reducing the water
allocation (-5%) results in shorter hydrological droughts and less water import, but realising
a permanent reduction in water demand can come at high costs for both providers and users,
and might not always be successful (Low et al., 2015; Gonzales et al., 2017; Muller, 2018;
Caball et al., 2019; Simpson et al., 2019). Generating more awareness and reducing water
use prior to the actual water shortage might also result in better adaptive management of
water resources (Garcia et al., 2016; Noorduijn et al., 2019; Garcia et al., 2020; Thomann
et al., 2020), but practical constrains restrict the application of adaptive water management

in many regions (Thomann et al., 2020) that are yet to be investigated in England.

6.7.3 Model limitations

Limitations of the model are related to the overall drawbacks of using a lumped and ide-
alised groundwater storage modelling approach. The regionally-averaged model input for
both climate time series and water management means that model outcomes are generic and
broadly representative for water resource availability in an English setting. Model outcomes
would require different climate input data and additional information regarding local water
resource and drought management to specify the impact of tested strategies on hydrological
droughts in a specific water management region. However, the versatile model setup shows
for which tested storage properties drought management strategies are effective. For exam-
ple, conjunctive use of water resources and combined drought management strategies are

effective at reducing hydrological droughts in all systems. This is in contrast to the impact
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of a hands off flow strategy, which depends on the baseflow component. Crucially, hydrolog-
ical droughts aggravate when the ecological minimum flow is neglected and groundwater use
reduces the environmental flow (Gleeson et al., 2018; Graaf et al., 2019). These crucial sensi-
tivities to different groundwater-outflow parameters show the value of conceptual, idealised
socio-hydrological modelling, which outcomes could be used in the discussion regarding the
protection of groundwater dependant ecosystems and the status of protected water bodies

(Ohdedar, 2017; Howarth, 2018).

Spatially-distributed model structures would have allowed testing of a wider range of
drought management strategies, as not all documented strategies can be modelled with a
lumped model structure. Out of the listed strategies (Table 6.1), four drought scenarios were
tested in this study. Other measures, such as river augmentation, reduction of pressure on
the water network, and reuse of urban wastewater could not be modelled and would benefit
from a distributed model setup similar to the work of Dobson et al. (2020). A spatially-
distributed setup could also enhance teh current analysis, as spatial impact of increased
abstractions to the stream could not be included (Gleeson et al., 2018). However, conceptual
understanding and impact of drought management strategies can be further explored using a
lumped conceptual model, as presented in this study. For example, the current methodology
could be improved by applying dynamic water use or increased awareness of water stress that
would advance the currently implemented static water use (Garcia et al., 2016). It would
also be useful to test the impact of drought management plans with projected groundwater
recharge scenarios (Mansour et al., 2018) or benchmark and extreme drought conditions
(Stoelzle et al., 2014; Hellwig et al., 2020). Further along these lines could be an application
to different climates in order to highlight strengths and weaknesses of drought management

strategies impact on hydrological droughts in different climates.
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6.8 Conclusion

The presented idealised socio-hydrological model shows the impact of water use and drought
management strategies on hydrological droughts. The idealised socio-hydrological model was
used to highlight sensitivities to drought management strategies in high and low groundwa-
ter storage systems. Three systems were modelled, representing low, medium, and high
groundwater storage. Results show different drought characteristics related to the modelled
groundwater storage-outflow parameters. In the low groundwater storage system, drought
occurred frequently and were mostly climate-driven, although amplified by water use. Ex-
ternal water imports were necessary to meet water demand periodically and these were only
reduced when managing surface water and groundwater in conjunction. The high ground-
water storage system shows larger inter-annual storage resulting in fewer, but more intense

hydrological droughts amplified by water use.

Introducing drought management strategies relieved both baseflow and groundwater
droughts in nearly all scenarios, mostly in those including conjunctive use and maintaining
the ecological minimum flow by restricting groundwater use. Integrating the use of water
resources resulted in optimal use of stored surface water and the delayed response of ground-
water storage. Hydrological droughts were reduced and sometimes alleviated completely in
the low and high groundwater storage systems. These findings encourage further exploration
of conjunctive use as a drought mitigation strategy. The impact of restricted groundwater use
to maintain ecological minimum flows (hands off flow) depends on the baseflow component.
Combined scenario including hands off low show that hydrological droughts are effectively
reduced under a range of storage-outflow parameters and even when increasing pressure on
water resources. The considerable pressure on water resources is evident when increased
even further, resulting in a disproportional increase in hydrological drought duration and

imported surface water. This increase shows delicate the pressure on water resources in the
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case study’s water management.

The novelty of this study is the assessment of the impact of drought management
strategies on hydrological droughts. Results show how strategies as conjunctive use and
maintaining ecological flows reduce and alleviate hydrological droughts and reduce the de-
pendency on imported water. The low sensitivity of some drought management strategies
to different hydrogeological conditions highlights the wide applicability of results and give
confidence in the tested separate and combined scenarios. The presented findings encourage
further exploration of the implementation of drought management strategies in, for example,
other climates or under more extreme droughts. This could advance our understanding of
the robustness of current drought management strategies. Further broader extensions could
also explore the effect of different timing implemented drought management strategies or
in/decrease the severity of implemented strategies. The presented coupled water balance
model shows thus the relative impact of drought management strategies given dominant
storage characteristics on hydrological droughts and water resources. This relative impact
and highlighted sensitivity contributes to a better understanding drought management and

could therefore contribute to more sustainable water management.

6.9 Chapter summary

In summary, this chapter presents a developed socio-hydrological model to investigate the
impact of drought management strategies on hydrological droughts. Using a lumped ide-
alised socio-hydrological model, water use of both surface and groundwater was simulated
in three different hydrogeological conditions. Different scenarios were designed to represent
the regionally-averaged drought management plans, and investigate their relative impact

compared to baseline conditions for the three hydrogeological conditions. Results show that
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drought management strategies are sensitive to primary groundwater storage properties and
overall water allocation. Integrating surface water and groundwater use was found partic-
ularly effective in reducing and alleviating hydrological droughts in low groundwater stor-
age systems. In high groundwater storage systems, restricting groundwater use was found
more effective to maintain environmental flows and thereby reduce and alleviate hydrological
droughts. Both separate and combined drought management strategies show a considerable
proportion of imported surface water that is necessary to sustain surface water demand. The
use of external water (imported in the model) increases when the water allocation increases,
showing the considerable pressure on water resources with disproportional consequences for
hydrological droughts. Even though the idealised conceptual model is limited in its rep-
resentation of water management regions, model outcomes indicate important sensitivities
of drought management strategies to hydrogeological conditions. The impact of modelled
drought management strategies on hydrological droughts shows the potential to reduce and
alleviate hydrological droughts, although this may be associated with an increased import of
water to meet the water demand. Further recommendations on the modelling and possible

future applications are provided in Chapter 7, in which all result chapters are concluded.
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Chapter Seven

Conclusions and outlook

The main aim of this thesis was to advance knowledge on hydrological droughts, and par-
ticularly groundwater droughts in human-modified environments. Each presented results
chapter contributed to advancing knowledge of a specific aspect of human-influence showing
how the impact of human-influence on hydrological drought characteristics. These different
aspects corresponded to the three research objectives addressing the impact of groundwater
use, enhanced recharge, and drought policies on baseflow and groundwater droughts (Figure
1.1). The purpose of this chapter is to show how these result chapters address the research
objectives and finally, to give recommendations for further research to build on presented

findings of this thesis.

7.1 Research objective 1: impact of groundwater use on
groundwater droughts
The first research objective was addressed by the regional groundwater drought analysis in

the UK case study presented in Chapter 3. The presented framework compared potentially

influenced groundwater level observations to near-natural (or uninfluenced) observations and
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from this comparison, it was found that drought characteristics of influenced sites differed
significantly from those of near-natural sites indicating the impact of groundwater use on
groundwater droughts, confirming the earlier regional drought studies in human-modified
settings (Lorenzo-Lacruz et al., 2017; Lee et al., 2018). In the result chapter, two main
drought responses were identified that were summarised in a more general, asymmetric,
drought response typology in which drought response was related to the long-term balance
between groundwater recharge and abstraction. It was found that when groundwater abstrac-
tion is less than long-term groundwater recharge, drought duration and intensity decreases,
but drought frequency increases. The opposite patterns was identified when groundwater ab-
stractions approached long-term recharge with lengthened droughts that occur less frequently
as a result. These observations were confirmed by drought reports that found an increase
and aggravation of groundwater deficits as a consequence of the increased groundwater use
(Walker et al., 1998; Marsh et al., 2013; Rey et al., 2017; Rio et al., 2018). However, the
presented research is the first in identifying this asymmetric impact of groundwater use that
had only been hypothesised by Gleeson et al. (2020). The more extreme case that is included
in the typology but not observed in the UK, shows the impact of a long-term negative bal-
ance resulting in severe groundwater droughts and a long-term decline of groundwater level.
This is observed in many heavily-stressed and depleted aquifers, and regional models confirm
this overall pattern resulting from groundwater use (Konikow, 2011; Rateb et al., 2020). In
conclusion, the first research objective was addressed by Chapter 3 presenting framework to
analyse groundwater droughts and summarising characteristic drought responses in a general
typology that related asymmetric impact of groundwater use on groundwater droughts to

the long-term balance between groundwater recharge and abstraction.
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7.2 Research objective 2: impact of enhanced groundwa-

ter recharge on groundwater droughts

The second research objective was met by the initial exploration of long-term impact of
Managed Aquifer Recharge (MAR) on groundwater storage (Chapter 4) and the follow-up
study focusing on groundwater trends and droughts highlighting the potential of MAR as
drought mitigation strategy (Chapter 5). Chapter 4 presented an application of the frame-
work developed in Chapter 3 to the Californian case study investigating long-term impact
of enhanced recharge. Even though this chapter did not focus specifically on groundwater
droughts, findings showed an increase in long-term groundwater storage that pointed out
the positive impact of enhanced recharge on largely deprived groundwater storage levels.
The positive impact is remarkable as Tulare is classified as a heavily-stressed aquifer sec-
tion (DWR, 2016), in which modelled and remotely-sensed groundwater storage show an
overall negative trend (Faunt et al., 2009; Famiglietti et al., 2011; Brush et al., 2013). Fur-
ther investigations in Chapter 5 related these long-term impacts of enhanced recharge to
groundwater trends and groundwater droughts. In other words, both chapters assessed the
impact of enhanced groundwater recharge, finding that groundwater drought duration and
severity reduced in regions where long-term MAR is present. Actively recharging the aquifer
has thus regional impacts on groundwater storage and regional groundwater drought char-
acteristics showing shorter, less intense and even alleviated groundwater droughts despite
an extreme meteorological drought. Long-term cumulative impact of enhanced recharge re-
sulted in positive groundwater trends despite long-term negative precipitation trends and
extensive groundwater use. The long-term accumulation of storage was also noted in a wa-
ter balance approach of Xiao et al. (2017) and found by Thomas (2019), who concluded
that groundwater use in this region was more sustainable compared to other sections in the

Southern Central Valley. Even though these mitigated groundwater droughts demonstrate
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the positive impact of enhanced recharge in a heavily-stressed aquifer, other studies highlight
the importance of careful implementation of MAR and risk-based guidance (Dillon et al.,
2019; Dillon et al., 2020) that ensures the longevity of MAR facilities and thereby its suc-
cess as a drought mitigation strategy. In conclusion, the impact of enhanced groundwater
recharge was assessed by a case study in California showing the significant positive impact of
actively recharging of the aquifer on reducing and alleviating groundwater droughts, proving

the suitability of MAR as a drought mitigation strategy.

7.3 Research objective 3: impact of drought policies on

hydrological droughts

The third research objective was addressed by the socio-hydrological model scenarios in
Chapter 6 that showed the impact of drought policies on hydrological droughts. The ide-
alised socio-hydrological model represented a water balance model (storing both surface
water and groundwater) based on the previous work of Van Lanen et al. (2013). This model
was used to meet environmental and anthropogenic water demand, adding the water use
component to the existing model. Water demand was met by surface water (from a surface
water reservoir) and groundwater storage modelled for a range of different hydrogeological
conditions. Documented drought management strategies were tested separately and com-
bined in designed scenarios that changed water demand and water supply resulting in altered
baseflow and groundwater drought response. Scenarios show that hydrological droughts can
be reduced and alleviated using a combination of drought management strategies depending
on dominant hydrogeological conditions. For example, conjunctive use is highly effective in
alleviating hydrological droughts in low groundwater storage systems, confirming findings

of Bredehoeft (2011). In high groundwater storage systems, restricted use of groundwater
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to maintain low flows is most effective in reducing and alleviating hydrological droughts,
as was modelled by Graaf et al. (2019). Both drought management strategies have a large
impact on hydrological droughts, but their impact is sensitive to the low or high groundwa-
ter storage (and baseflow) component. Drought management strategies that reduce water
demand and increase in water supply based on the drought severity were found insensitive
to hydrogeological conditions, although these strategies are most effective in reducing hy-
drological droughts when applied simultaneously. Changing the overall proportion of water
used relative to the available water resulted in the largest impact on hydrological droughts
indicating the considerable pressure on water resources. In conclusion, the third research
objective focusing on the impact of drought policies on hydrological droughts was assessed
using a socio-hydrological model that highlighted strengths and weaknesses of drought man-
agement strategies given dominant hydrogeological conditions and the overall pressure on

water resources.

7.4 Overall conclusions

The presented four result chapters showed the three aspects of human-influence on hydrologi-
cal droughts, particularly groundwater droughts, and thereby advanced hydrological drought
research set in human-modified environments. In all chapters, the long-term balance be-
tween groundwater storage and water use was an important component for understanding
the human-influence on hydrological droughts. For example, Chapter 3 showed how this
long-term balance determines the asymmetric drought response to groundwater use. In
Chapter 4 and 5, it was shown how regional groundwater droughts were reduced and allevi-
ated thanks to the considerable volume of imported surface water, actively recharged in the
aquifer, altered regional drought response and the relative pressure on groundwater storage.

In Chapter 6, different management strategies altered the balance between groundwater stor-
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age and groundwater use and thereby affecting hydrological droughts. However, the largest
impact was seen when the overall water allocation was in/decreased that directly changes
the long-term balance of water use and groundwater storage resulting in a disproportional
drought response. In sum, the four result chapters revealed how the long-term balance be-
tween groundwater storage and groundwater use is important to improve our understanding

of human-influence on hydrological droughts.

The presented analyses also showed how short-term measures impact this long-term
balance. In Chapter 3, short-term increases in water use resulted in more frequent drought
events, observed in mainly (not exclusively) influenced groundwater monitoring sites. This
could be explained by the expansion of groundwater abstractions across the basin since 2000
as part of implementing Water Framework Directive guidelines (Ohdedar, 2017; Howarth,
2018), but more in research would be required to confirm this. On the other hand, the large-
scale reductions in water use since 2000 coincided with less severe groundwater droughts, a
pattern that could be similar to the observed revived groundwater levels in India (Bhanja
et al., 2017), although (again) more research is required to confirm the role of water use
restrictions given the episodic nature of droughts. In Chapter 4 and 5, both short-term and
long-term impact of enhanced recharge were identified. The sudden rise in groundwater lev-
els was identified in the cluster analysis (Chapter 4). In Chapter 5, shortened droughts and
a quicker recovery of deficits in groundwater was found in sites in vicinity of MAR facilities
thanks to the short-term MAR impact. Thomas (2019) relates this pattern to an increase in
sustainable groundwater management, although MAR in the Central Valley would be need
to scale up significantly to realise sustainable groundwater use in other sections of the aquifer
(Kocis et al., 2017; Alam et al., 2020). In Chapter 6, drought management scenarios intro-
duced short-term changes to the balance between groundwater storage and groundwater use
resulting in alleviated droughts when the pressure on groundwater sources was eased (and

complemented by imported surface water). It may be questioned if this is a sustainable solu-
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tion, although recent water resource modelling shows that (increased) flexibility will result in
increased resilience on the short-term (Dobson et al., 2020). The import of surface water was
particularly crucial in the low groundwater storage system. In the high groundwater storage
system, the timing of water use was key to alleviate droughts, as restricting groundwater use
temporarily to preserve environmental flow requirements alleviated hydrological droughts
effectively without reducing the proportion of groundwater use and surface water use. This
adaptive water management seems promising for future drought mitigation strategies, con-
firming the work of Thomann et al. (2020), although practical constrains, costs and benefits
to increasing flexibility in water supply, and consequences for water consumers would have to
be considered to make more firm conclusions. Overall, the three assessed aspects of human-
influence on hydrological droughts have increased our understanding of human-influence and
findings highlight the importance of the long-term water balance between water use and
water storage, the crucial timing of water use, and alignment of short-term and long-term

mitigation strategies to manage and alleviate human-influence on hydrological droughts.

7.5 Outlook

Since this is one of the first studies focusing on primarily groundwater droughts in human-
modified environments, the developed methodology and presented findings point towards a
number of possible directions for future research. Firstly, the developed framework could be
improved by a more advanced clustering technique based on features in time series instead of
the whole standardised time series (Haaf et al., 2018; Heudorfer et al., 2019). That could po-
tentially group groundwater monitoring sites more effectively and isolate or even extract fea-
tures related to human influence (either groundwater use or enhanced recharge). Extracting
these groundwater signatures could perhaps also facilitate early detection of human-influence

and possibly prediction of consequences of in/decreased groundwater use (Haaf et al., 2020).
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When applying the method to regions with enhanced recharge, it might be possible to ex-
tract short-term MAR signatures, as it is already possible to detect functional enhanced
recharge sites with groundwater observations only. Advancing this field sheds new light on
the global growth of largely unmonitored managed aquifer recharge facilities (Dillon et al.,
2019). Because by detecting and identifying these facilities in, for example, regions in India
(Tushaar, 2009) or Europe (Sprenger et al., 2017), regional impact of enhanced recharge can

be mapped and further expanded.

Alternative, analytical methods to improve the developed framework could also ad-
dress the dynamic component in human influence. For example, if additional abstraction
data were available, it might be possible to extend the developed methodology to an attri-
bution study similar to Viglione et al. (2016). With the abstraction records, it would also
be possible to identify sudden changes in groundwater use, e.g. due to a new water law, and
relate changes in water use to groundwater level observations using a frequency time series
analysis (Bhanja et al., 2017; Dountcheva et al., 2020). However, future analytical analysis
should also include recent advancement on tele-connections and climate change signatures in
groundwater level time series (Rust et al., 2019; Bloomfield et al., 2019) (in the UK specifi-
cally), as long-term weather patterns also reflect in multi-year variations in groundwater level
time series that should not be confused with human-influence (Dountcheva et al., 2020). Ob-
taining abstraction data can be difficult. In the Californian case study, it is unlikely given
current water rights to gather more information about groundwater use. However, this might
changes with further implementation of SGMA (Thomas, 2019) for which groundwater use
needs to be monitored. This would create possibilities to advance the current investigation

and attribute hydrological droughts to both groundwater use and enhanced recharge.

Building further on presented result chapters, some research outcomes could be in-
cluded in ongoing modelling studies. For example, the identified asymmetric impact of

groundwater use in the UK case study could be included in large-scale (national or aquifer
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level) water resource or groundwater models (Lewis et al., 2018; Coxon et al., 2019; Dobson
et al., 2020). Additionally, it would be interesting to investigate the impact of dynamic water
use in these large-scale models, as many models are developed using either current or his-
toric groundwater abstractions (Shepley et al., 2012). This large-scale modelling could also
further the socio-hydrological approach and implement more drought management scenar-
ios, as some mitigation strategies could not be included due to the model setup in Chapter
6. The spatially-distributed structure of models, such as presented in Dobson et al. (2020),
could extent the simplified drought management scenarios. However, furthering the socio-
hydrological modelling would also require a different setup for the groundwater module, as
currently groundwater is represented using an empirical groundwater model (Dobson et al.,
2020). For example, different groundwater storage-outflow parameters could be included
to integrate both models and include drought policies on a national scale. This would re-
quire a significant effort, but results could contribute to long-term water resource planning
by including groundwater availability, integrated water use, and the asymmetric impact of

groundwater use on hydrological droughts.

Given the extensive modelling in the Central Valley in California, it would be ex-
tremely valuable to include the impact of enhanced recharge, as found in Chapter 4 and 5,
in existing (distributed) modelling studies (Faunt et al., 2009; Brush et al., 2013; Maxwell
et al., 2016). New potential MAR locations could be explored further including FLOOD-
MAR for suitable areas (O’Geen et al., 2015; Dahlke et al., 2018b). Ideally, this effort would
also integrate newly developed tools to guide decision making for installing MAR facilities
(Sallwey et al., 2019; Marechal et al., 2020) and options for financial support for new MAR
facilities (Rohde et al., 2014). Encouraging further applications in California and other parts
of the USA would, however, benefit from risk-based MAR, guidelines as recently updated in

Australia to ensure good practice of MAR (Dillon et al., 2020).

The developed socio-hydrological model in Chapter 6 could also in itself be continued

153



Conclusions and outlook

for further research, as conceptual modelling can advance our understanding of the impact of
drought policies on hydrological droughts. For example, further conceptual modelling could
include benchmark droughts (Durant, 2015; Barker et al., 2019) or extreme recharge scenar-
ios (Stoelzle et al., 2014; Mansour et al., 2018; Hellwig et al., 2020) to test additional strain
on drought management scenarios. Furthering this approach could include future climate
scenarios that would be extremely relevant to future water resource planning (Prudhomme
et al., 2014; Wanders et al., 2015; Cuthbert et al., 2019; Hari et al., 2020). Alternatively,
given the relatively simple input for drought management strategies, the application can
be much improved and set in a wider context. MAR could for example be included, if
the model is spatially-distributed and information on available water, hydrogeological set-
ting and institutional support is available (Sprenger et al., 2017). Alternative modelling
applications could also focus on pan-European drought management strategies furthering
the drought policy studies of Urquijo et al. (2017) and Ozerol (2019). The combination of
modelling pan-European drought management strategies and future or benchmark droughts
could advance both regional and large-scale water management across Europe and advance
our understanding of human-modified droughts to align short-term water management goals

with long-term sustainability.

7.6 Final remarks

This thesis aimed to advance our understanding of hydrological droughts, particularly ground-
water droughts, in a human-modified context. Main findings of the thesis include the two
developed methodologies that were applied to different case studies and three different as-
pects of human influence on groundwater droughts. In general, results showed that the
overall long-term balance of groundwater storage and groundwater use was key to estimate

the impact on groundwater droughts. It was found that short-term measures can alter this
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long-term balance, because active water resource management resulted in either exacerba-
tion or alleviation of groundwater droughts. Results also highlighted that this balance of
groundwater storage and groundwater use is delicate, stressing the need for careful man-
agement to encourage sustainable groundwater use. In summary, the identified modifying
aspect of water resource management and its significant impact on groundwater droughts
is both terrifying and encouraging. Presented findings can be used to further sustainable
groundwater use or continue groundwater exploitation and perturb natural droughts.

The choice is ours.
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S1: Location and purpose of groundwater abstraction wells in the four water

management units in the UK
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Figure S1: The location and purpose of groundwater abstraction wells in the four water

management units. The coloured diamonds indicate locations of abstraction wells and the
colours represent the purpose of a provided abstraction licence. Please note that some wells

overlap.
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S2: Example of near-natural, uninfluenced and influenced sites in Lincolnshire

S2 shows an illustrated example of four sites that include a documented near-natural site
(first panel), and three groundwater monitoring sites in the paired water management unit.
The reference groundwater site (Aylesbury) is an Index well of the Hydrologic Register and is
representing near-natural conditions. This Index well is included in the reference cluster for
Lincolnshire water management unit (see Figure 3.2). For this reference cluster the lowest
SPIg-SGI correlation is 0.75, hence monitoring sites with a similar or higher correlation are
considered relatively uninfluenced over the 30-year time period. The monitoring site in the
second panel is thus considered uninfluenced, as the SPIgp-SGI correlation is 0.831 using
the site-specific optimal precipitation accumulation period (17 months). The other two
sites are considered to be influenced, as correlations are lower than the lowest correlation
of the reference cluster: 0.561 and 0.566 (third and fourth panel respectively). The SGI of
both wells is remarkably different (flashier) compared to the first two SGI time series, but
more importantly despite different precipitation accumulation periods SGI variation don’t

synchronise well with either short-term or long-term SPI, (dotted blue line in Figure S2).
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Figure S2: SPI1,-SGI comparison for a near-natural Index site (top panel), an uninfluenced
monitoring site (second panel), and two influenced monitoring sites in Lincolnshire (third
and fourth panel). The SGI and SPIQ are shown in black and blue (dashed). The correlation

between the SPIo-SGI is shown in the top left corner of the hydrograph.
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S3: Cluster composition of three clustering techniques applied to near-natural

standardised time series

Single linkage Complete linkage Ward's minimum distance
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Figure S3: Cluster composition of three clustering techniques (single linkage, complete link-
age, and Ward’s minimum) shown for the five Chalk clusters using the matrix non-metric
multidimensional scaling plot (NMDS) of the vegan package (Dixon, 2003). The clusters
in Ward’s minimum technique show the least overlap and are therefore selected in further

analysis.
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S4: Accumulation period of monitoring wells in the four water management units

in the UK
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Figure S4: Accumulation period (in months) for monitoring wells in the four water manage-

ment units.
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S5: Distributions of recorded drought frequency of all four water management

units for categorised influenced and uninfluenced sites.
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Figure S5: Drought frequency distribution of the four water management units for uninflu-
enced sites (grey) and influenced (blue). The mean drought frequency is indicated with the

dotted vertical line (also in Table 2 in the manuscript).
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S6: Distributions of recorded drought duration of all four water management

units for categorised influenced and uninfluenced sites.
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Figure S6: Drought duration distribution of the four water management units for uninflu-

enced sites (grey) and influenced (blue). The mean drought duration is indicated with the

dotted vertical line (also in Table 2 in the manuscript).
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S7: Distributions of recorded drought deficit of all four water management units

for categorised influenced and uninfluenced sites.
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Figure S7: Drought deficit distribution of the four water management units for uninfluenced
sites (grey) and influenced (blue). The mean drought deficit is indicated with the dotted

vertical line (also in Table 2 in the manuscript).
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S8: Main water users in England
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Figure S8: Regionally-averaged water users in England (dotted black and white bar) by allo-
cated surface water and groundwater licences (data from 2000-2015; Environment Agency).
Regional water use is shown in coloured bars. Data can be found in Environment Agency -

Abstraction tables 2020.
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S9: Inter-annual variation in modelled soil moisture balance
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Figure S9: Inter-annual variation of the soil moisture balance in the socio-hydrological
model. The five panels show long-term time series of precipitation actual evapotranspiration,
soil moisture, runoff, and groundwater recharge (all in mm). The first 5 years are part of

the spin-off period, the remainder (1985-2017) are used in the analysis.
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Figure S10: Natural and human-influenced conditions of groundwater storage levels in

time (1985-2017). The three panels show the high, medium, and low groundwater storage

systems. Note that y-axis are different due to the large variation in groundwater storage for

each system.
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S11: Test with alternative proportional use of surface water and groundwater

demand

High system+
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Figure S11: Total water demand for the three groundwater systems for alternative pro-

portional surface water and groundwater use in the baseline. Baseline water use is shown

~—

in the top three rows with surface water demand (44.6%), groundwater demand (48.5%
and imported surface water (6.9%). This amount of imported water remains constant, but
increases when additional surface water is required (rows 1 & 2 and 4-6). Rows 4-6 show the

tested increased surface water demand (SW 67.7%) and increased groundwater (GW 72.6%

~—

use in rows 7-9.
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S12: Surface water storage with combined 1-2-4 scenario in the high and low

groundwater storage system
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Figure S12: Surface reservoir storage in baseline scenario (no drought measures applied) for
high groundwater storage catchment (first panel, in light green) and low groundwater storage
catchment (second panel, in light blue). Darker green and blue colours indicate the difference
in surface water storage as the reservoir is fuller/emptier. Coloured surfaces indicate below-
normal periods in precipitation (measured in SPI) following Figure 6.3. Drought thresholds
for the surface water reservoir follow the documented range for trigger levels (see Table 6.1

and section 2.1 Data).
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S13: Baseline conditions for groundwater storage under a range of storage-

outflow parameters
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Figure S13: Baseline conditions for groundwater storage modelled using different groundwa-
ter storage-outflow parameters, as given in Table 6.3. The first and second panel represent

the high and low groundwater storage system.
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S14: Groundwater drought duration and severity for baseline and combined

scenarios applying a range of groundwater storage-outflow parameters
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Figure S14: Groundwater drought duration and severity for baseline conditions and two
combined scenarios (1-2-3 and 1-2-4) in the two groundwater storage systems. The range of

groundwater storage-outflow parameters can be found in Table 6.3.
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S15: Groundwater drought duration and severity for baseline and combined

scenarios applying an increase (93%) and decrease (83.5%) in water allocation.
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Figure S15: Groundwater drought duration and severity for baseline conditions and two
combined scenarios (1-2-3 and 1-2-4) in the two groundwater storage systems. These tests
are part of the sensitivity analysis for which the proportional water allocation was increased

and decreased with 5%.
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S17: Duration and occurrence of minor droughts in Lincolnshire, Chilterns, and

Shropshire.
Occurrence of minor Occurrence of minor
Average duration of
Water management Average autocorrelation droughts 24 months  droughts during
minor droughts
units (in months) before reference reference
(in months)
droughts (%) droughts (%)
1: Lincolnshire 3.1 11.6 27 60
2: Chilterns 3.7 17.3 34 27
4: Shropshire 5.0 15.1 43 23

Table S17: Duration and occurrence of minor droughts in influenced sites in Lincolnshire,

Chilterns, and Shropshire. Results show that the average during is shorter than the average

auto-correlation (calculated from groundwater level observations).

174



Conclusions and outlook

S18: Drought management plans of drinking water companies

Table S18: Locations of drought management plans of thirteen drinking water company in

England. All drought management plans are publicly available (websites are stated in second

column). Most recent date is shown in third column with the last access date.

Drinking water company Drought management plan Dated at Last accessed
Affinity Water affinitywater.co.uk/drought-management 2018 2-9-2020
Anglian Water anglianwater.co.uk /drought-plan 2019 2-9-2020
Bristol Water bristolwater.co.uk/planning-for-drought 2018 2-9-2020
Portsmouth Water portsmouthwater.co.uk/final-drought-plan-2019 2019 2-9-2020
Severn Trent Water severntrent.com/our-plans 2019 2-9-2020
South East Water corporate.southeastwater.co.uk/drought-plans 2019 2-9-2020
Southern Water southernwater.co.uk/our-drought-plan 2019 2-9-2020
South Staffs Water stwater.co.uk /drought-plan 2019 2-9-2020
2 Sutton & East Surrey Water seswater.co.uk/publicationgrought 2019 2-9-2020
Thames Water thameswater.co.uk/drought-plan 2017 2-9-2020
United Utilities unitedutilities.com/drought-plan 2018 2-9-2020
Wessex Water wessexwater.co.uk /drought-plan 2018 2-9-2020
Yorkshire Water yorkshirewater.com/resources 2019 2-9-2020
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S19: Water use and main water sources of drinking water companies in England

Table S19: Summary of water use, supply, and headroom of selected drinking water com-
panies sourcing from surface water and groundwater in England. Note that this excludes
drinking water companies South West and Northumbrian water. Data of latest water resource
management plans has been used (see S18). Imported and exported percentages are marked
(*) when the source was undefined or potentially mixed. Thames Water values are taken
for London and outer areas in parenthesis. Headroom percentage is calculated by dividing
reported baseline conditions demand by the supply (dated in 2019/20) and double-checked

with published data of Agency (2019b).

o Supplies to  Surface water Groundwater Imported water Headroom
Drinking water company

# customers (%) (%) (%) (%)
Affinity Water 3.6 28 65 7 86
Anglian Water 6 41 50 9 86
Bristol Water 1.2 42 12 42 93
Portsmouth Water 0.7 35 55 10 94
Severn Trent Water 8 67 33 - 92
South East Water 2.2 28.5 70 1.5 83
Southern Water 2.3 22 70 8 82
South Staffs Water 1.3 60 40 - 95
Sutton & East Surrey Water 0.7 15 84 1* 84
Thames Water 15 80 (25) 20 (70) - (5) 91
United Utilities 3 88 10 2 94
Wessex Water 2.8 21 75 4 88
Yorkshire Water 2.3 71 25 4 83
Average 3.8 44.6 48.5 6.7 88.5
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