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Abstract

Land-use and land-cover change (LUCC) has been identified as a major driver of change
to the hydrological cycle. However, it is still a scientific challenge to quantify these
effects. Land surface models are increasingly being used for such hydrological
assessment because of their state-of-the-art representation of physical processes and
versatility. A physically-based model has the advantage to map the modeller’s
knowledge about the hydrological impacts of land-use and land-cover change into
physically meaningful parameters. This PhD thesis explores the use of a land surface
model (Joint UK Land-Environment Simulator, JULES) in combination with high
temporal resolution in-situ data on streamflow, precipitation, and several weather
variables, collected by a grassroots hydrological monitoring initiative (called iMHEA) in
the tropical Andes. | find that the in-situ data can improve the hydrological simulation
substantially, mainly by reducing uncertainty inherent in using large-scale precipitation
data. The commonly used soil parameters based on pedotransfer functions lead to an
underestimation of the flow. Therefore, | modified the soil parameterisation with
experimental data for a more accurate representation of subsurface flow generation.
Subsequently, | assessed the potential impacts of watershed interventions (grazing,
afforestation, cultivation) using the calibrated soil parameters. A reduction in water
yield and water regulation ability under these land use scenarios was identified, which
is in line with observed impacts and relevant for water resources managers. In a next
step, | implemented an open source land use change model, the lulcc R package, to
analyse the regional land cover changes in the Andean region, and to generate
predictive land use maps that can be used to drive the JULES model. For this purpose,
the JULES model has been implemented at a regional scale using multiple sources of
global data. The use of the JULES model allows the effects of LUCC to be assessed using
knowledge about physical processes. My results show a further 3.7% of deforestation

occurring in the region, which changes the flow by £17% consequently.
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1 Introduction

1.1 Human impact on the hydrological cycle

1.1.1 Global hydrological cycle

The hydrological cycle refers to the water movements between different natural
area of the global land surface (Figure 1.1). The upper boundary condition of the
terrestrial hydrological cycle is precipitation in the form of rainfall or snow.
Precipitation may be intercepted by the vegetation cover, infiltrate into soil, or directly
run over the land surface to generate streamflow. The infiltrated water is stored in the
soil column or drains as subsurface flow. Water is returned to the atmosphere as a
result of evaporation from soil and vegetation interception, or as transpiration by the
vegetation. As the volume of precipitation in many regions exceeds the evaporation in
the terrestrial hydrological cycle, the excess is return to the oceans as runoff (Chahine,
1992). In this PhD research, | particularly focused on evaluating the terrestrial

hydrological fluxes under changes of land use and land cover.

Precipitation

LA
Precipitation

Evaporation

=
=l
=
£
=8
i
=
=

Evaporation

Interception

Land

Infiltration

Figure 1.1 The Global Hydrological Cycle
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1.1.2 Global dynamics of land use change

Land use change such as cultivation, livestock grazing, construction, timber
extraction has considerably transformed global land cover (Turner, B. L., Meyer & Skole,
1994). Land cover can be prone to degradation (e.g. overgrazed grassland),
conservation (e.g. restoration) or be converted to another land cover type (e.g.
clearance of forest). These land use and land cover changes (LUCC) have cumulatively
affected the global environment, in terms of climate, atmospheric composition,
biodiversity, soil condition, water and sediment flows (Turner, B. L., Meyer & Skole,
1994). Of the different type of LUCC, deforestation and expansion of cropland are the
major ones (Turner, B. L., Meyer & Skole, 1994) accelerated by the economic growth
and globalization (Lambin & Meyfroidt, 2011).

The highest increase in deforestation (increased at 1021 km?/year rate) was
reported in Indonesia from 2000 (10000 km?2/year) through 2012 (over 20000
km?/year). Globally, over 4 million km? of land cover has been changed between 2001
and 2012, which consisted of 3.3% changes of the total land identified with the
available data covering 84.1% of the Earth’s land surface (Borrelli et al., 2017).
Deforestation is the biggest change, with 2.07 million km? of forest been converted to
semi-natural vegetation (savannah, scrublands, grassland, transition forest) and 0.094
million km? been cultivated in this period. In the same time, 0.61 million km? of areas
was afforested for propose such as carbon sequestration (Farley, Jobbagy & Jackson,
2005), which led to a combined 1.65 million km? of forest area decrease (Borrelli et al.,
2017; Hansen et al., 2013).

Cultivation is the second largest driver of LUCC, which includes the transition from
forest (0.094 million km?), semi-natural vegetation (0.67 million km?), and the contrary

process (0.49 million km? cropland to semi-natural vegetation, and 0.055 million km?
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cropland to forest) which totally expend the cropland by 0.22 million km?2.

The expansion of cropland drives the deforestation in all continents within the
subtropical regions, including South Africa, central Chile, southeastern Brazil, Uruguay,
southern China, Australia, and New Zealand (Hansen et al., 2013). Forestry is the major
driver of deforestation in temperate regions, including intensive forestry in the
northwest United States, temperate Canada, Estonia and Latvia (Hansen et al., 2013).
In boreal region, forestry is found in Sweden, Finland, eastern Canada, parts of
European Russia, and central Siberia, Russia. The largest area of forest loss is found in
Russia (Hansen et al.,, 2013). The tropical regions have experienced the major
deforestation dynamics (32% of the total forest losses), which threatened the Brazilian
rainforest, the Eurasian tropical rainforest, the African tropical moist deciduous forest,
the South American dry tropical forest, the Eurasian tropical moist deciduous and the

dry forests (Hansen et al., 2013).
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1.1.3 Impacts on hydrological cycles

Hydrological evidence worldwide suggests that land use and land cover changes
have a significant impact to the hydrological cycle (Table 1.1). The vegetation types,
soil properties, and landscape of river basins can be considerably altered by increasing
human activities, which consequently led to hydrological changes in transpiration,
infiltration, and interception. These changes are particularly important in headwater
catchments (Buytaert et al., 2006). Thus, understanding these hydrological processes
is essential and contributes to successful water resource management.

Changes in vegetation types affect runoff directly by intercepting precipitation,
transpiration extraction, and indirectly by affecting soil infiltration. Canopy
interception is found to be low in grasslands, but is considerably higher for broadleaf
trees (10-20% of precipitation) and conifers (20-40% of precipitation) (Le Maitre, Scott
& Colvin, 1999). In Andean regions, 30% of forest interception was estimated, and 11%
for grassland and cropland (Molina et al., 2012). The transpiration rate is determined
by rooting characteristics, leaf area, stomatal response, plant surface albedo, and
turbulence (Farley, Jobbagy & Jackson, 2005). A higher leaf area index and a deeper
and better-developed root system of forest leads to higher transpiration than
grassland (Buytaert, Iniguez & De Bievre, 2007). The evapotranspiration in forest
catchment is typically higher than a grassland covered catchment (Zhang, Dawes &
Walker, 2001). Therefore , a flow reduction is often found in afforested catchments
(Buytaert, Iniguez & De Bievre, 2007; Farley, Jobbagy & Jackson, 2005; Ochoa-Tocachi
et al., 2016), whereas a flow increment is found in deforested catchments (Guzha,
Rufino et al., 2018b; Molina et al.,, 2012). The vegetation dynamics affect
evapotranspiration not only because of the change in vegetation properties, but also

tends to have an effect on the soil properties (Buytaert et al., 2006). Increasing soil
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erosion has been observed in the transition from forests to cropland (Borrelli et al.,
2017). Intensive sheep grazing can lead to crust formation, increase in runoff, erosion,
and reduction in hydraulic conductivity in the Ecuadorian paramo (Buytaert et al.,
2006). At the catchment scale a 40% loss of water regulation capacity has been found
in intensively grazed and cultivated paramo catchments (Buytaert, 2004). Despite of
these effects, soils have been drained and ploughed intensively for cultivation in
Ecuador (Buytaert et al., 2005), which reduced the available water storage, hence
reduced the evaporation.

The hydrological response can also be affected by changes at the larger landscape
topography scale. Buytaert et al. (2006) indicated that a decrease in surface roughness
and local depressions by the removal of the vegetation and the organic litter layer
considerably affects the delay of surface runoff. Molina et al. (2007) found that
degraded land with lower vegetation cover and lower soil organic matter content
could transform the area to a saturation excess dominated flow regime by reducing
infiltration capacity. In these conditions surface properties be more important for a
saturation excess flow rather than an infiltration excess flow (Hortonian flow)
(Buytaert et al., 2006). A faster hydrological response was observed under a cultivated
land despite its higher saturated hydraulic conductivity, infiltration capacity, and

water storage capacity (Buytaert et al., 2005).
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Table 1.1 Overview of reviewed studies on the hydrological impacts of LUCC

LUCC

Hydrological impact

Location

References

Cultivation (potato)
& grazing

Cultivation

Cultivation
(soybean)

Grazing
Burning and grazing

Afforestation

Afforestation (Pine)

Deforestation

Deforestation

Reducing hydrological regulation capacity

Reducing runoff by 15%

Increasing water storage capacity by 5 to 30%
Increasing hydraulic conductivity by 31%
Reducing hydrological regulation capacity

Reducing runoff by 12~15%

Increasing infiltrability from 100 to 469mm/h
Enhancing subsoil compaction: decreased
saturated hydraulic conductivity at 30cm from

122 to 80 mm/h
No significant impact on runoff

Increasing runoff

Reducing saturated hydraulic conductivity
Reducing runoff by 30-40% (pine), 38-75%

(Eucalypts)

Reducing peak and base flows
Reducing runoff by 64%

Increasing hydrological regulation capacity

Reducing runoff by 53~68%

Increasing baseflow by 25 mm/year
Increasing surface runoff by 4-90%

Decreasing infiltrability from 1258 to 100mm/h
Reducing saturated hydraulic conductivity

Huagrahuma & Soroche,
Ecuador

Paute, Ecuador
Tiquipaya, Bolivia
Mato Grosso, Brazil

Piura & Huaraz, Peru
Pichincha, Ecuador

Global data (India, the UK,
Germany, Australia, New
Zealand, South Africa)
Marianza, Ecuador

Paute, Ecuador
Chachapoyas &
Tambobamba, Peru
Jadan, Ecuador
East Africa

Mato Grosso, Brazil

(Buytaert, Iniguez & De Bievre, 2007)
(Buytaert et al., 2005)
(Ochoa-Tocachi et al., 2016)

(Scheffler et al., 2011)

(Ochoa-Tocachi et al., 2016)
(Poulenard et al., 2001)

(Farley, Jobbagy & Jackson, 2005)

(Buytaert, Iniguez & De Bievre, 2007)

(Ochoa-Tocachi et al., 2016)

(Molina et al., 2012)
(Guzha, Rufino et al., 2018a)

(Scheffler et al., 2011)
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1.2 Hydrology of the tropical Andes

The Andean region has been a hotspot of hydrological change, which warrants
studying because of its important role in regional water supply and vulnerability to
human activities. However, these effects are hard to identify and quantify due to the
high data requirement to investigate how such changes propagate through the
complex and interacting hydrological processes of a catchment (Viviroli et al., 2007).

In the tropical Andes, the major hydrological processes are defined by varying bio-
physical properties within a variety of ecosystems. The paramo, jalca, and puna are
high altitude neotropical ecosystems distributed within different latitude (Figure 1.2).
Approximately 35,000 km? of areas in Northern Colombia and Venezuela to northern
Peru are covered by a discontinuous belt of paramo, a collection of neotropical alpine
ecosystems within the grassland biome, which is consisted of glacier formed valleys, a
large variety of lakes, peat bogs, and wet grasslands with shrublands and low-statured
forest patches (Buytaert et al., 2006). Jalca locates in the transition region from
paramo to puna in the regions of northern to central Perd. Humid puna ranges from
eastern Peru to the north-eastern Bolivian Cordillera, whereas dry puna could be
found in its west side, from western Peru until the southwest of Bolivia and northern
Argentina and Chile (Ochoa-Tocachi et al., 2016). Below those ecosystems, montane
forests and cloud forests are characteristic forests that can be found at elevations
above 1000 m in the Andes, classified by the presence of permanent could (Célleri et
al., 2009).

The Andes provide a wide range of ecosystem services, including biodiversity
conservation, nutrient recycling, carbon storage and sequestration, high quality water
provision and hydrological regulation, with its complexity of landscapes (Buytaert,

Cuesta-Camacho & Tobdn, 2011). Of those, the provision of water may be the most
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important service of Andean ecosystems. The Andean paramo is featured by its large
water surplus, extreme water regulating capacity, and sustained base flow (Buytaert
et al., 2006), which covers the headwaters of the major largest rivers of the Amazon
basin (Célleri et al., 2009). It supports the water needs for major downstream Andean
populations, smallholder irrigated agriculture, industrial consumption, and
hydroelectricity production (Buytaert et al., 2014).

Despite its importance of water supply, these mountain areas are particularly
vulnerable and prone to human impact. Drastic changes in the water cycle have been
produced by human activities as a result of the rapid economic growth during the past
half-century (Harden, 2006). Land-use and land-cover change (LUCC) led by
deforestation, oil exploitation, mining, and hydropower production (Zulkafli et al.,
2013), and the significantly increasing demand for paramo water for the purposes of
intensive cattle grazing, cultivation, and pine planting (Buytaert et al., 2006) highlights
the importance of water resources management. Therefore, the hydrology of these
water sources requires to be assessed systematically.

Hydrological processes are usually poorly understood in these remote mountain
regions since they are often determined by complex catchment characteristics (Viviroli
et al., 2007). In addition, external drivers of change such as global warming (Bradley et
al., 2006; Urrutia & Vuille, 2009) and population growth (Buytaert & De Biévre, 2012),
further complicate hydrological studies. In the Andean region, the water yield
mechanism with small-scale, pristine and human-altered catchments related is
explored by several research initiatives (Célleri et al., 2009). Buytaert et al. (2006)
identified the effect of human activities on the pdramo ecosystem by using a pairwise
catchment approach. Breuer, Vache & Frede (2006) analysed the functioning of
montane and cloud forests by applying a nested-approach.

Although a series of studies have been carried out, the hydrology and water
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balance of these mountain basins are still poorly understood (Célleri et al., 2009). In
order to extrapolate findings to non-monitored or data scarce catchments, further
study and data is required (Wohl et al., 2012). However, the scarcity of data in both
the spatial and temporal domains poses significant challenge for hydrological study
which is usually characterised by a heterogenous and complex environment. The
difficulties on the implementation and maintenance of research-grade observation
networks has hindered the data collection on remote mountain area. This hinders the
development of hydrological models and poses difficulty on model calibration. The
advent of alternative methods for scientific data collection, and citizen science in
particular, provides new opportunities to alleviate the issue of data scarcity, and
additionally can promote public participation in hydrological science (Buytaert et al.,
2014). As such, it can serve as a supplement to the traditional data collection, which is
usually established within a professional environment (Buytaert et al., 2014; Herschy,

2014).
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1.3 Citizen science in hydrology

Citizen science refers to the participation of general public in the research design,
data collection and interpretation process together with scientists (Buytaert et al.,
2014; Paul et al., 2018). Recently, innovations in sensing technology, data processing
and visualization (Buytaert et al., 2014) have increased the potential of citizen science.
It can be implemented in many forms such as community-based data collection,
participatory data analysis or crowd-sourcing via internet (Buytaert et al., 2014). Newly
developed sensing technology enables hydrological data to be collected by a
participatory approach (Buytaert et al.,, 2014; Paul et al., 2018). The open-source
Arduino platform is one example of low-cost technology that can be used to collect a
wide range of data including temperature, soil-moisture, distance, and air pressure by
combining it with different sensors (Fisher & Gould, 2012). These innovations have
made citizen science an increasingly popular application in scientific research
(Silvertown, 2009).

Buytaert et al. (2014) summarised the existing citizen science applications in the
field of water resources management. The review indicated that most of the level of
involvement of non-scientist is limited to data gathering and focused more on water
quality monitoring (Buytaert et al., 2014). The major reason for this limited depth of
engagement might be the geographical bias toward wealthy regions, instead of in
areas where socio-ecological problems have more serious consequences (Buytaert et
al., 2014). In developed regions, citizen science is regarded as supplement to tradition
science approaches. In contrast, in developing regions it is more explored as a measure
to reduce poverty and enhance the well-being of society (Gura, 2013). According to
Buytaert et al. (2014), the variables commonly measured in the field of hydrological

science, the current approaches of data collection, the challenges, and the
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opportunities in the future are as follows:

® Precipitation: Widely measured in the context of citizen science as new
sensor technology and more experiment methods are developed. For
example, low-cost disdrometers are increasingly used for precipitation
measurement as a cheap and robust device (Loffler-Mang & Joss, 2000).
Traditional, low-cost rain gauges also allow precipitation to be observed in a
non-professional environment. Continuous data can be recorded
automatically by the electronic sensors such as tipping bucket rain gauge.
Despite its advantages, a rain gauge can easily be blocked by vegetation or
affected by local aerodynamic conditions in non-standard locations.
Therefore, robust quality control protocols for installation, maintenance, and
documentation of local environment should be implemented to ensure the
data quality.

® Streamflow: Traditionally, streamflow is often measured by indirect methods,
converting by measured flow velocity with cross section or river stage
(Herschy, 2014). The construction of water level gauging stations is
challenging due to the complexity of the river setting and the restriction of
regulations. Nevertheless, streamflow is successfully measured by the iIMHEA
monitoring network in the Peruvian Andes (Célleri et al., 2009). This case
study shows the possibility to monitoring streamflow in the context of citizen
science. The potential of streamflow measurement could be extended by
introducing new technology. For example, the application of camera-based
water level measurement is an affordable and reliable approach for citizen
science monitoring (Royem et al., 2012). Data coverage can be improved

further by integrating remote sensing methods such as using high-resolution
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digital elevation. Nevertheless, proper installation and maintenance of
instruments should still be the most important consideration.

® Water quality: This is the most common hydrological property to be
measured by citizen science. Newly developed technology make it possible
to perform continuous sampling of variables such as temperature, dissolved
oxygen, turbidity, conductivity, pressure, redox potential and pH value.
However, water quality monitoring is often limited to the collection of water
samples and the aforementioned basic hydrochemical parameters due to the
high requirement of equipment and specialised knowledge (Overdevest, Orr

& Stepenuck, 2004).

In the study of hydrology, citizen science can be a way to address the challenge of
setting up repeated experiments. Controlled hydrological experiments are difficult to
set up due to the large variety of uncontrolled boundary conditions such as land use
change, and climate conditions. Using citizen science, it becomes possible to set up a
large network of hydrological data collection through inexpensive, robust, and lower
maintenance sensing equipment, thus covering larger variety of boundary conditions
and hydrological variability. It also reduces the irreversible effects of perturbations to
the water cycle posted by the control of experiments.

In addition to the supplement to data collection, citizen science can also be a
method to pursue a more active role to engage the general public into the scientific
process (Buytaert et al., 2014). It can be included in each stage of the scientific process.
The Extreme Citizen Science framework classified the level of engagement into crowd-
sourcing, distributed intelligence, participatory science, and extreme citizen science
(Haklay, 2013). As the participation increases, non-scientists have more chance to be

involved in the decision-making processes.
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Local stakeholders often have a specific interest in hydrological studies since in
many regions of the world, local development can be constrained if sustainable water
resources management is unsuccessful (Célleri et al., 2009). This is particularly the case
in the tropical Andes, where the initiative for Hydrological Monitoring of Andean
Ecosystems (iMHEA in Spanish), was established in 2009 (Célleri et al., 2009). This
citizen science-based hydrological monitoring effort is led by a regional NGO
(Consortium for Sustainable Development of the Andean Ecoregion, CONDESAN). The
network aims to increase data availability in the remote uplands which are not
monitored by the standard national hydrometeorological network operated by the
national hydrometeorological offices (e.g. SENAMHI in Peru) (Buytaert et al., 2014).
The iIMHEA network is a clear case of bottom-up initiative in response to the local
awareness about the requirement for better understanding on watershed
interventions (Ochoa-Tocachi et al., 2016). In order to identify the hydrological impacts
of land-use change, including the benefits of restoration activities, the network
focuses on pairwise catchment monitoring. Streamflow and precipitation are
measured on 28 catchments distributed from Ecuador, Perd, to Bolivia (Ochoa-Tocachi
etal., 2018). Such setup is ideal to study the relation between a catchment’s land cover

and its rainfall-runoff relation.
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1.4 Hydrological models

Models are simplified and imperfect representations of a real-world system,
which can nevertheless be useful to predict system behaviour and understand various
processes. One of their main applications is to make predictions about the potential
impact of changes. For the terrestrial water cycle, hydrological models are an essential
tool in hydrological science and catchment management, to evaluate the hydrological
impacts of instance climate change or land-use and land-cover change (Buytaert &
Beven, 2011). A large variety of approaches exists: top-down (metric, empirical, or
data-based), bottom-up (mechanistic or physically-based), or conceptual modelling, as

summarised as followed:

® Top-down model (data-based): The hydrological response is entirely
derived from observations of model input and output variables, such as
rainfall and flow at the catchment-scale. Therefore, prediction of the
hydrological response under LUCC can be difficult due to the inability to
map the hydrological impact of change onto the model parameters.

® Bottom-up model (physically-based): These models are developed with
understanding of the physics of hydrology. The effects of physical change
can be explicitly represented once the physical properties of the
catchment under existing and changed conditions can be determined
(Mclntyre et al., 2014). The physical properties have necessarily been
derived from small-scale observations, and therefore calibration to the
scale of interest is generally required. This can lead to problems of
observation uncertainty and model identifiability.

® Conceptual model: This type of model is the combination of the top-down
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and bottom-up approaches. The model structure is defined based on prior
knowledge, then the parameter values are calibrated. A conceptual model
is prone to the limitations of both top-down (detection of signals in the
observations) and bottom-up approaches (prior specification and non-
identifiability), makes it unsuitable for predicting proposes (Mcintyre et

al., 2014).

Physically based models can be used to detect and attribute change in
hydrological observations, thus identifying the potential factors that affect the
hydrological responses. They allow detailed mapping of the potential hydrological
impacts of LUCC onto physically meaningful parameters, which can subsequently be
used for scenario analysis in a land management context (Mcintyre et al., 2014).
Furthermore, the potential hydrological impact of different LUCC scenarios can be
predicted by changing the model structure or parameter values that represent in the
catchment properties. Despite the advantages of physically based models, conceptual
models are commonly used for tropical basins e.g. (Buytaert & Beven, 2011) due to
the data requirements to represent detailed hydrological processes accurately
(Buytaert, Célleri & Timbe, 2009; Célleri & Feyen, 2009). However, in tropical Andean
catchments, the novel hydrological monitoring data (Ochoa-Tocachi et al., 2018) opens
new opportunity for hydrological studies. These data also allow physically based

models to be applied for hydrological simulation.
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1.5 Hydrological analysis using a land

surface model, JULES

Land surface models were originally developed as lower boundary condition for
Global Circulation Models (GCMs) and other atmospheric modelling (Best et al., 2011).
Land surface models are increasingly used for hydrological assessment, given their
advantage to map the modeller’s knowledge about the hydrological impacts of land-
use and land-cover change into physically meaningful parameters. One of such models,
the Joint UK Land Environment Simulator (JULES) (Best et al., 2011; Clark, D. B. et al.,
2011) is used in this study. JULES is a community land surface model developed from
the Met Office Surface Exchange Scheme (MOSES) by the UK Met Office (Cox et al.,
1999). It can be coupled to an atmospheric global circulation model, but is also used
as a standalone land surface model which simulates the fluxes of carbon (Clark, D. B.
etal., 2011) water, energy and momentum (Best et al., 2011) between the land surface
and the atmosphere in continuous time series. It has been applied successfully for a
range of applications such as weather forecasting, climate change prediction, earth
system modelling, and has been increasingly used for hydrological assessment (Le Vine
et al., 2016; Zulkafli et al., 2013). The JULES model is driven by a large dataset of
hydrometeorological variables. It simulates the energy exchanges between various
physical processes such as photosynthesis, carbon and nutrient cycles, irrigation, and
crop growth. This makes it possible to investigate the interaction between hydrology
and other land surface processes. (Zulkafli et al., 2013).

JULES can be used to detect and attribute change in hydrological observations,
thus identifying the potential factors affecting the change. This makes it possible to
identify the potential hydrological impact under anthropogenic interventions (Centre

for Ecology & Hydrology, 2018) by changing the model structure or parameter values
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which represents in the catchment properties.

JULES uses a tiled model to present the sub-grid heterogeneity consisting of 5
vegetated and 4 non-vegetated surfaces (Figure 1.3). Distinct parameters are used to
calculate the energy balance of surface temperatures, short-wave and long-wave
radiative fluxes, sensible and latent heat fluxes, ground heat fluxes, canopy moisture
contents, snow masses and snow melting rates for each surface type in a grid-box. A
shared 4-layer soil column with thickness of 0.1, 0.25, 0.65, and 2.0 m from the top to
the bottom is used for individual tile.

In JULES, the precipitation is intercepted by the canopy storage, then
partitioned into surface flow and infiltration into the soil based on the Hortonian
infiltration excess mechanism. An instantaneous redistribution of soil moisture is
assumed for the infiltration following the Darcy—Richards diffusion equation. The
subsurface flow is generated by the gravity drainage at the lower boundaries.
Saturation excess flow is calculated with a Probability Distributed Model (PDM)
described by Moore (1985). The sub-grid distribution of soil moisture (8) is described
by a probability function (eq. 1.1), and the shape parameter B is modified to better
represent the subsurface flow (Clark, Douglas B. & Gedney, 2008). The parameter is
initially set as 1, whereas values of 0.1/0.5 can be used for a more subsurface flow

dominated hydrology, and a value of 10 for a more flash hydrological response.

B
B+1

f, =1 [1 - g] (1.1)
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Figure 1.3 Overview of JULES
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This research focuses particularly on addressing the uncertainty in precipitation,
the soil parameterisation, and the vegetation parameters. The iMHEA citizen science
network has opened new opportunities for the model development. In which, the
highly uncertainty in precipitation could be reduced by using these participatory data.
The required soil parameters are commonly developed using pedotransfer functions
(PTFs) (Marthews et al., 2014), which estimate unavailable soil parameters from soil
properties such as texture and dry bulk density (Cosby et al., 1984; Tomasella &
Hodnett, 1998). In the study region, water retention properties from the local
experiment data (Buytaert et al., 2005; Crespo et al., 2011) are considerably higher
than the values derived from PTFs (Marthews et al., 2014), which could be attributed
to the inability of the PTFs to present the high water retention caused by the high
organic matter content in these soils (Buytaert et al., 2006). Therefore, this research
modifies the soil water retention properties using data from local in-situ experiments.

The JULES model is used to assess the hydrology under LUCC impact. The analysis
marks LUCC as the only contributor to affect the flow generation while other
influencing factors such as meteorological influences have been kept constant. This
approach reduces the uncertainty induced by changing catchment characteristics and

meteorological drivers.
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1.6 Thesis structure

The aim of this PhD research is to explore the changing Andean hydrology under
land-use and land cover changes using three analytical components: quantifying land
use change; quantifying the impact of hydrology by means of a land surface model,
and using citizen science data to calibrate and validate the hydrological model (Figure
1.4). The research has focused on the impacts of grazing, cultivation, and afforestation
in the upper-Andean region, and impacts of the forest dynamic in the Andes of
Ecuador and Perd. First, the current state of the global LUCC and hydrological impacts,
Andean hydrology, the challenges posed by land-use and land cover change, and the
emergence of citizen science for data collection, and hydrological models are reviewed
(Chapter 1). In a next step, the hydrological data obtained with citizen science are
integrated into a land surface model, JULES, to simulate the hydrological fluxes under
a variety of land use conditions (Chapter 2). The JULES model is then examined and
calibrated at a headwater catchment scale (Chapter 3), and the potential impact of
land use change on hydrology is further assessed by using this model approach
(Chapter 4). The extent of regional land use and land cover changes are then assessed
and predicted using a land use change model, lulcc R (Chapter 5). Lastly, the JULES
model is implemented at a regional scale using multiple sources of global reanalysis
data (Chapter 6) and the potential hydrological impacts posed by land use and land
cover changes are then assessed. The main findings throughout the thesis and future

works are then concluded.

32



Land Surface Model

Hydrology in the
Tropical Andes

Grazing,
Precipitation, Streamflow afforestation,
observation by iMHEA cultivation

Citizen Science Land Use Change

Data collected on paired catchment

Figure 1.4 Conceptual representation of the approach implemented in this thesis.
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2 Hydrological evaluation of JULES
for the tropical Andes using citizen-
science generated rainfall data

2.1 Introduction

Land surface models were originally developed as lower boundary condition for
Global Circulation Models (GCMs) and other atmospheric modelling (Best et al., 2011).
They simulate the fluxes of carbon (Clark, D. B. et al., 2011) water, energy and
momentum (Best et al., 2011) between the land surface and the atmosphere, and have
been applied successfully for a range of applications such as weather forecasting,
climate change prediction, earth system modelling. They are also increasingly used for
hydrological assessment (Le Vine et al., 2016; Zulkafli et al., 2013). In this chapter, the
Joint-UK Land Environment Simulator (JULES) is applied for hydrological evaluation in
the tropical Andes. It simulates the energy exchanges between various physical
processes such as photosynthesis, carbon and nutrient cycles, irrigation, and crop
growth. This makes it possible to investigate the interaction between hydrology and
other land surface processes by mapping the modeller’s knowledge about the
hydrological impacts of land-use and land-cover change into physically meaningful
parameters.

The JULES model is driven by a large dataset of hydrometeorological variables using
a physically-based simulation approach. Globally available reanalysis datasets are
commonly used for the setup, i.e. NCEP-DOE Reanalysis 2 (Kanamitsu et al., 2002),
TRMM _3B42.7 (Huffman et al.,, 2007). However, the high uncertainty in the
precipitation data makes it unreliable for small scale hydrological studies (Buytaert,
Célleri & Timbe, 2009; Sheffield, Goteti & Wood, 2006). In this chapter, | evaluate the

capacity of JULES to simulate streamflow using in-situ observational precipitation data
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obtained from the participatory iMHEA network (Ochoa-Tocachi et al., 2018). The
simulated results are evaluated with the streamflow observations obtained from the

iMHEA network as well.
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2.2 Methods

2.2.1 JULES setup

In this chapter, the setup of the land surface model, JULES vn5.3 (JULES, 2018) is
explored using the analysis framework shown in Figure 2.1. The required time series
of meteorological data, i.e. downward short-wave and long-wave radiation,
temperature, specific humidity, wind speed, and surface pressure (as specific in Table
2.2), are extracted from the globally available NCEP-DOE Reanalysis Il dataset
(Kanamitsu et al., 2002). The JULES model was driven by three sources of precipitation
data. The simulated flow among using the iIMHEA precipitation data/ NCEP-DOE
Reanalysis I/ TRMM _3B42.7 were evaluated for their capacity to better represent the
flow in small catchment. The land cover is parameterised with the local survey data
(Ochoa-Tocachi et al., 2018). The soil data is parameterised by using a pedotransfer
function approach. Required soil composition and chemical variables are obtained
from the Harmonized World Soil Database version 1.21 (Fao/liasa/lIsric/Isscas/Jrc,
2012). The soil properties are assumed to be evenly distributed over the 4-layer soil
column with thickness of 0.1, 0.25, 0.65, and 2.0 m from the top to the bottom. The
simulated flows are routed with using a simple delayed function, then be further

compared and evaluated with the IMHEA monitoring flow (Ochoa-Tocachi et al., 2018).

< Citizen Science collected =
Precipitation — — Observed
. JULES Streamflow
Meteorological _,/%IL Met | nout | . I-‘:llrl;m::;.rl:*r
5 § eteorology Inpu calibration
JEN \
reanalysis data | /Elevato 5[ Surface flow v
| : |
‘m‘““mt“t Land cover fraction | / Modelled
Glabal soil —%'P iubsurface > Streamflow
textural _ﬁ} Soil Properties ' oW
pedotransfér-.__ -
functions e _

Figure 2.1 Conceptual overview of the hydrological modelling approach using JULES

driven by input data from citizen science and conventional sources.
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2.2.2 Citizen science-based data collection

Hydrological monitoring data is obtained from a regional citizen science-based
initiative (Ochoa-Tocachi et al., 2018). The network is known as the Regional Initiative
for Hydrological Monitoring of Andean Ecosystems (iMHEA) and is part of a grassroots
initiative to characterize the hydrological response of different Andean ecosystems in
Peru, Ecuador, and Bolivia. It collects data on streamflow, precipitation, and several
weather variables at a high temporal resolution with using the cheap and robust
technology (Buytaert et al., 2014). This monitoring is implemented in small and
homogenous catchments, distributed from 0 and 17 °S, which covers three major high-
elevation biomes, paramo, puna, and jalca in the tropical Andes (Figure 2.2). The 22
monitoring sites are described in Table 2.1. Most of the catchments are rural area
covered by tussock and other grasses, wetlands, shrubs, and patches of native forest.
These regions are not affected by urbanisation, water abstractions, and stream
alterations.

The iIMHEA monitoring setup relies on monitoring a set of paired catchments with
similar physical and climatic characteristics, and geographically close to each other
(Brown et al., 2005), in order to characterise the impacts of a variety of human
alterations on the watershed response (Célleri et al., 2009). For example, impacts of
grazing and burning are assessed by comparing the hydrological response of
catchment LLO_01 (Lloa, Ecuador, Figure 2.3), to that of its adjacent restored
catchment LLO_02. The hydrological benefits of pasture restoration in HUA_01 are
evaluated by comparison with the adjacent grazed catchment HUA_02 (Huaraz, Peru,
Figure 2.3). As an example, Figure 2.4, shows the impacts of grazing compared to both
paramo covered catchments (natural PIU_01, and grazed PIU_02), and forest covered

puna catchments (natural PIU_04, and grazed PIU_07).
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tropical Andes
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Table 2.1 Description of the monitored catchments. BF: Broadleaf Forest, NF: Needleleaf Forest, CR: crop, C4: C4 grasses, SH: Shrub, BS:

Bare soil.

Code Ecosystem Land Use Altitude [m] Area [km?] Soil Land cover

PIU_0O1 Paramo Natural 3112-3900 6.60 Andosol, Histosol 0.15BF, 0.85 C4

PIU_02 Paramo Grazing 3245-3610 0.95 Andosol, Histosol 0.15BS,0.85C4

PIU_04 Forest Natural 2682-3408 2.32 Andosol, Cambisol 0.80 BF, 0.20 C4

PIU_07 Dry puna Grazing, cultivation 3110-3660 7.80 Andosol 0.35CR, 0.45C4,0.2 SH
CHA_02 Jalca Natural 3000-3450 1.63 Andosol, Inceptisol 0.10BF, 0.90C4

CHA 01 Jalca Afforestation 2490-3200 0.95 Andosol, Inceptisol 0.80 NF, 0.20 C4

HUA_01 Humid puna Natural 4280-4840 4.22 Andosol, Histosol 0.75 C4, 0.25 BS
HUA_02 Humid puna  Grazing 4235-4725 2.38 Andosol, Histosol 0.70 C4, 0.30BS

LLO_02 Paramo Grazing, restoration 4088-4680 2.21 Andosol, Histosol 0.10 BF, 0.90 C4

LLO_01 Paramo Grazing, burning 3825-4700 1.79 Andosol 0.10 SH, 0.90 C4

JTU_ 03 Paramo Natural 4144-4500 2.25 Andosol, Histosol 0.80 C4,0.20 SH

JTU 02 Paramo Grazing 4085-4322 2.42 Andosol 1.00C4

PAU_01 Paramo Natural 3665-4100 2.63 Andosol 1.00C4

PAU_04 Paramo Cultivation, grazing 3560-3721 1.55 Andosol 0.70C4; 0.30CR

PAU_02 Paramo Natural, grazing 2970-3810 1.00 Andosol, Histosol 0.80 C4; 0.20 BF

PAU_03 Paramo Afforestation 3245-3680 0.59 Andosol, Histosol 0.10 C4; 0.90 NF
HMT_01 Dry puna Grazing 4025-4542 2.09 Leptosol, Inceptisol 0.75 C4; 0.10 SH, 0.15 BS
HMT_02 Dry puna Grazing 3988-4532 1.67 Leptosol, Inceptisol 0.85 C4, 0.05 SH; 0.10 BS
TAM_02 Humid puna Natural 3650-4360 1.67 Leptosol, Inceptisol 0.60 C4; 0.40 BF
TAM_01 Humid puna Afforestation, grazing  3835-4026 0.82 Leptosol, Inceptisol 0.80 C4; 0.20 NF

TIQ_02 Humid puna Natural 4182-4489 1.73 Leptosol, Inceptisol 0.95 C4; 0.05 BS

TIQ_01 Humid puna Cultivation, grazing 4140-4353 0.69 Leptosol, Inceptisol 0.35C4; 0.35CR; 0.30 BS
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Figure 2.3 Example of paired catchments monitored at the iMIHEA site LLO (Lloa, Ecuador) and HUA (Huaraz, Peru)
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Precipitation data (referred as “iMHEA precipitation”) has been recorded in each
catchment with a minimum of two tipping-bucket rain gauges at an installed height of
1.50m (resolutions of 0.254, 0.2 or 0.1mm) distributed over the catchment areas
(Ochoa-Tocachi et al., 2016). Figure 2.5 shows the precipitation measurement site

installed in JTU, Ecuador.

Figure 2.5 Precipitation observation in Antisana (JTU, Ecuador)
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Figure 2.6 shows a streamflow monitoring site at the outlet of catchment in LLO,
Ecuador, using a compound sharp-crested weir (a V-shaped section for low flows and
a triangular—rectangular section for high flows) equipped with a pair of pressure
transducers. The water level has been recorded at a regular interval of 5/15 min by

iMHEA (Ochoa-Tocachi et al., 2018).

Figure 2.6 Streamflow observation in Pichincha (LLO, Ecuador)

Table 2.2 Meteorological forcing data required to drive the JULES model

Data Units
Downward component of shortwave radiation at the surface W m~
Downward component of longwave radiation at the surface W m~
Precipitation kgm=2 st
Wind speed mst
Atmospheric temperature K
Atmospheric specific humidity kg kg™
Surface pressure Pa

Source: (Best et al., 2011)
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2.2.3 Non-iMHEA forcing data

The required time series of meteorological data that are not available from the
iMHEA network, i.e. downward short-wave and long-wave radiation, temperature,
specific humidity, wind speed, and surface pressure (as specific in Table 2.2), are
extracted from the globally available NCEP-DOE Reanalysis |l data set (Kanamitsu et al.,
2002). The dataset is available on a T62 Gaussian grid with 192 x 94 points
(approximately 2° scales) and provides 6-hourly temporal resolution form 1979/01 up
to the present. This large-scale data is interpolated in space to a point scale with the
nearest-neighbour interpolation method. An elevation adjustment was made for
Temperature (T, °K) and pressure (P, Pa), from the record level (To, Po) to the site level
(Tz, Pz) using the environmental lapse rate (y) and the gas constant of air (R). y is

between 0.5 and 0.7 °C per 100 meters (Buytaert et al., 2006) (eq. 2.1 and 2.2):

oK
T,=Ty+vz;y = —0.00655 (2.1)
- ) o 287 2,
o =R(7) R = e (22)

Specific humidity (q, kg/kg) is elevation adjusted assuming that the relative
humidity (RH) remains constant with altitude (Cosgrove et al., 2003). By calculating
saturated vapor pressure (esat, hPa) using Wexler’s saturated water vapor pressure
equation, saturated specific humidity (gsat) can be obtained using the definition of

specific humidity (eq. 2.3 - 2.6):

RH=100< 1o ) (2.3)
ant,o
RH = CIsatz)
= (——==akz 2.4
4z ( 100 24)
0.622€4q¢

_ =20 2.5
Qsat,x Px — 0.378e54¢ e -
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17.67(T, —273.15) |
(To — 273.15) + 2435)" "

€sqtx = 0.112exp z,0 (2.6)

Using the Stefan-Boltzmann law, downward longwave radiation (L, W/m?) is also
elevation adjusted (eq. 2.7 — 2.8), ¢is the emissivity of the grey body, which depends

on the wavelength, o is the Stefan—Boltzmann constant:

e,0 (T,\*
L =—<—) L 2.7
(3055) Pxd
g, = 1.0841 — exp |—e, 201 |{;e, = % "/0_622;X =1z0 (2.8)

Lastly, the wind speed (u) is elevation adjusted using a power law wind profile,

assuming a = 0.143 under neutral stability conditions: (eq. 2.9):

u=1u (i)a (2.9)

Zo

Shortwave radiation data is used directly from the NCEP Reanalysis Il dataset
without adjustment. The 6-hourly was disaggregated to hourly data with linear
interpolation.

In addition to the iIMHEA precipitation, which was used as the major data
source, two alternative large-scale precipitation datasets are used for comparison: the
NCEP-DOE Reanalysis Il data and the remote sensing product TRMM_3B42.7 (Huffman
et al., 2007) developed by the Global Precipitation Measurement (GPM) mission (Hou
et al.,, 2014). TRMM_3B42.7 provides a higher spatial resolution (0.5° scales) and
temporal resolution (3-hourly) than the NCEP-DOE Reanalysis Il data, which has shown

good performance over the Peruvian Andes—Amazon (Zulkafli et al., 2013) .
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2.2.4 The upper-Andean soils

The study region is the upper Andean region of Peru and Ecuador, which mainly
covered by the Andean paramo (Buytaert et al., 2006). Volcanic soils are the dominant
soil types, in particular soils that are classified as Andosol, Leptosol, Histosol, Cambisol
and Regosols (Fao/liasa/lIsric/Isscas/Jrc, 2012). Andosols are particularly common,
which are a dark, humic and acid soils with an open pore structure, in which organic
matter and volcanic ash accumulate (Crespo et al., 2011). This type of soil covers the
paramo ecosystem in large parts of the tropical Andean mountain belt between 3500
and 4500 m altitude (Buytaert et al., 2005). It has extremely high water retention
capacity (0.64-0.93 cm3/cm3 at saturation) (Buytaert, 2004) with its large organic
carbon content (13-36%), and low bulk density (0.2-0.8 g/cm3). The soil is prone to
irreversible changes and degradation (Dorel et al., 2000), which leads to volume
change, lowering of water retention and increases in hydraulic conductivity (Buytaert
et al., 2005). Leptosols are characterised by a shallow horizon with lower organic
matter content (6-20%), and bulk density between the range of 0.5-1.0 g/cm?.
Histosols in the paramo belt contain a high fraction of non-decomposed plant fibers
(Beck et al., 2008). It has very high organic matter (21-66%), low bulk density (0.1-0.3
g/cm?), and high water retention between saturation and field capacity (Crespo et al.,
2011). Cambisols have lower organic matter content, which leads to a lower water
retention capacity than Andosols and Histosols. The soil properties of Regosol are

similar to the properties of the Cambisol.
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2.2.5 Soil parameterisation

Darcy’s law describes the water flux (W) through saturated soil as the product of

a gradient in hydraulic potential (¢) and the soil hydraulic conductivity (k) (eq. 2.10):

d

W= k(—(p + 1) (2.10)
0z

The relations between soil water content (6 ), suction (¢ ) and hydraulic

conductivity (k) are described by Brooks and Corey (1964), or a more robust formula

van Genuchten (1980) using the soil water retention curve (eq. 2.11):

0(p) =0 P Sk S (2.11)
O TR 7 L |

where 6, is the residual water content, 6 is the saturated water content, the
parameter n measures the uniformity of pore sizes in the soil, and a indicates the air
entry suction described by Van Genuchten (1980).

In JULES, the critical point (68..;; field capacity) is defined by a matrix water
potential of -33 kPa (¢ = -3.366m) (Cox et al., 1999), which enables vegetation to
maintain an un-water stressed transpiration at values below field capacity with a soil
moisture availability factor (8) (eq. 2.12). 8,,;;; is the wilting point defined by matrix
water potential = -1500 kPa (¢ =-153 m). The vegetation cannot extract water if the

water retention drops below this point.

1 for 0 = 6.y
_ 0 — Oyire
ﬁ - fOT' Hwilt <6< chit (2-12)
Hcrit - Hwilt
0 for 0 <0,

The soil parameters (Table 2.3) required by JULES are not been commonly
available in the soil dataset (Best et al., 2011). Therefore, these parameters are
developed using pedotransfer functions (PTFs) from