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Executive Summary

Introduction

Water is a precious natural economic resource globally, and especially in South Africa, where
it plays a central role in all of the country’s socio-economic activities, like agriculture, mining,
transport, tourism, industry, and communication. The importance of water is clearly articulated
in various government policies in South Africa. For instance, the provision of adequate and
suitable water for economic and social development is a cornerstone of the national water
policy. However, South Africa is also a water-stressed country, because of its semi-arid to arid
climate, which is characterised by low rainfall and high evaporation rates. The country’s
average annual rainfall (500 mm) is lower than the global average annual rainfall (860 mm).
Less than 9% of the annual rainfall ends up in rivers, and only about 5% recharges groundwater
in aquifers. Rainfall and river flow are unevenly distributed across the country, with only 12%
of the land area generating 50% of the streamflow. In addition, South Africa’s rainfall is highly
variable in time and is unpredictable. For instance, decadal rainfall variability usually results
in extended severe droughts across the country.

Such rainfall variability, coupled with the economic importance of water, has prompted the
country to invest in large-scale water infrastructure development (such as dams, canals,
pipelines, and reservoirs). However, population growth, increased urbanisation, and
accelerated economic development are continuously increasing water demand and keeping the
country water-stressed. This may worsen in the future because water demand is likely to
increase in the future. Therefore, to ensure water security and sustainable water resource
management in the future, there is a need to move beyond current infrastructure development
solutions and towards research-driven environmental solutions, in which water availability can
be increased by mitigating the impacts of environmental pressures (like climate change) on the
water yields (like soil moisture and surface runoff) in the river basins.

Climate change is projected to have negative impacts on water storage in South Africa. For
instance, surface air temperature is expected to increase everywhere across the country. The
temperature increase, which may reach 2.5°C along the coast and 3.5°C in the far interior in
the near future, is projected to increase by 5.0°C along the coast and by more than 6.0°C in the
interior by the end of the century. Projected rainfall changes are associated with large
uncertainties, ranging from decreased rainfall over the entire country to wetting in the eastern
parts of the country and drying in the western parts. However, an increasing number of studies
have highlighted that projected climate change may influence the hydrological cycle and water
yield in South African river catchments by intensifying floods and droughts, enhancing
evapotranspiration, and changing soil moisture, runoff, and water quality.

Land-use/land-cover (LULC) changes can play a crucial role in influencing the hydrology of a
basin. They may have positive or negative impacts on the water cycle and water yield in the
basin by influencing processes like evapotranspiration, vegetation interception, and surface
infiltration. However, the magnitude and direction of these hydrological impacts depend on the
type and extent of the land-use changes. For instance, forestation may reduce soil moisture and



surface runoff, while urbanisation and human settlement may give rise to higher storm flow
and enhanced discharge peaks. While some studies have documented hydrological responses
to land-use changes in South African river basins, no study has investigated how these
responses can be used to mitigate climate change impacts on hydrological droughts in these
basins.

On the basis of the above, the specific objectives of this study are:

1. To calibrate, evaluate, and apply a hydrological model over three selected river basins
in South Africa.

2. To investigate the influence of bias correction of climate simulation datasets on the
quality of hydrological simulation over the river basins.

3. To project the impacts of future climate change on hydrological droughts in the river
basins.

4. To explore and quantify the extent to which LULC changes can reduce the impacts of
droughts in these river basins.

Methods

We selected three South African river basins for the study, namely: the Vaal River basin, the
Limpopo River basin and the Western Cape River basins. These river basins play crucial roles
in the socio-economic activities of the country, but they are also hot-spots of droughts. Many
studies have documented the vulnerability of socio-economic activities in these basins to
droughts. Various drought indices were employed to characterise droughts. Multiple climate
datasets (i.e. the Global Meteorological Forcing Dataset (GMFD) and COordinated Regional
Downscaling EXperiment (CORDEX)) were analysed, and a series of hydrological simulations
were performed over the river basins. For the hydrological simulations, a process-based
hydrological model called the Soil and Water Assessment Tool Plus (SWAT+) (Arnold et al.,
2012) was coupled with the GMFD observation dataset and the CORDEX simulation dataset.
We calibrated and evaluated SWAT+ over the basin and investigated the capability of a well-
known bias-correction method called Quantile Delta Mapping (QDM) (Cannon et al., 2015,
2018) to reduce the biases and uncertainty in the hydrological simulations. The impacts of
climate change on future hydroclimatic variables and drought frequency were projected at four
global warming levels (GWLs), and the extent to which LULC change scenarios (e.g.
expansion of forests, grassland, cropland, cropland/grassland mosaic, barren land) can
influence the projections were quantified. These extreme but viable LULC changes are
consistent ongoing LULC change trends over the basins.



Results and conclusion

The results of the study are presented in five sections. The first section (Section 3.1) presents
the outcome of the SWAT+ calibration and validation over the three river basins, the second
(Section 3.2) shows the effects of bias correction of CORDEX datasets on hydrological
simulations over the basins, while each of the last three sections (Sections 3.3, 3.4 and 3.5)
focuses the extent to which LULC changes can mitigate impacts of climate changes over each
of the basins (VRB, LRB and WRB, respectively).

Calibration and validation of hydrological model (SWAT+) over the river basins

The SWAT+ model gives realistic simulations of streamflow over the river basins, albeit with
some notable biases. Over the VRB, it reproduces the annual cycle of the observed streamflow,
captures the timing and magnitude of most peak flows, and replicates the interannual variability
of the observed peaks at four hydrological stations (i.e. C3H007, C5H016, C2HO003, and
C9HO009) during the calibration (1971-1980) and validation (1981-2000) periods. The
coefficient of correlation (R) between the observed and simulated streamflow ranges between
0.5 and 0.9 over all the stations. Over the LRB, the SWAT+ model also captures the temporal
variability of the streamflow at four hydrological stations (i.e. A2H059, A2H029, B3H017 and
B7HO015) during the calibration period (1988-1998) and validation period (1999-2009). The
coefficient of correlation between the observed and simulated streamflows is high (R >0.6) at
most stations. Over the WCRB, the model evaluation shows good agreement between the
simulated and observed streamflows at four hydrological stations (i.e. G1H013, H7H006,
E2H003, and J1H019) during the calibration (1980-1990) and validation (1991-2005) periods.
The simulated streamflow also tracked the observed values in reproducing the seasonal and
annual variations of the streamflow. In general, the model provides a good representation of
hydrological processes and captures the spatial and temporal characteristics of streamflow in
all the river basins. The biases in the SWAT+ simulations may be attributed to several factors,
such as shortcomings in the SWAT+ model or the model setup over each river basin.
Nevertheless, the overall good agreement between the SWAT+ simulation and observation
over the river basins is quite encouraging and shows that SWAT+ is indeed suitable for
hydrological studies over the basins.

Influence of bias correction of CORDEX datasets on hydrological simulations over the river
basins

The SWAT+ simulation with the original CORDEX dataset gives realistic simulations of
hydrological variables over all the river basins. It reproduces the spatial distribution of the
variables, as in the simulation forced with the observed datasets (GMFD). The coefficient of
correlation between the two hydrological simulations is high (R > 0.5) over all three basins.
Nevertheless, there are substantial biases in the hydrological simulation with the original
CORDEX dataset due to the biases in the dataset. The bias correction of the CORDEX dataset
before using this dataset as input into the SWAT+ model reduces biases in the simulated
hydrological variables. It reduces these biases by more than 50% and increases the coefficient



of correlation between SWAT+ simulations (with GMFD and CORDEX forcing) substantially
(R >0.75) over all the basins.

Using land-use changes to mitigate future impacts of climate change on hydrological droughts
in the Vaal River basin

The LULC change scenarios investigated over the Vaal River basin include the expansion of
grassland, cropland, cropland/grassland mosaic, and barren land. The future projection with the
present-day LULC pattern over the basin shows an increasing trend in temperature and
potential evaporation with no trend in precipitation and hydrological variables. However, the
spatial distribution of the projections shows a uniform increase in temperature across the basin
with a decrease in precipitation, soil water, percolation, surface runoff and streamflow over
most parts of the basin. The LULC change scenarios alter the impacts of the climate changes
on the hydrological variables and drought. For instance, the expansion of grassland reduces the
climate change impacts on soil water, percolation, and the associated drought frequency,
although the magnitude of the reduction is small compared to the climate change impacts.
Conversely, it enhances the climate change impacts on runoff, water yield, streamflow, and the
associated drought frequency. In contrast, the other LULC change scenarios (i.e. expansion of
other cropland, cropland/grassland mosaic and barren land) mitigate the impacts of climate
change on runoff, water yield, streamflow, and the associated drought frequency, but enhance
the climate change impacts on soil water, percolation, and the associated drought frequency.

Using land-use change to mitigate future impacts of climate change on hydrological droughts
in the Limpopo River basin

The LULC change scenarios investigated over the Limpopo River include the replacement of
savanna with forest (i.e. invasion of trees or bush encroachment) and the expansion of
grassland, cropland, and cropland/grassland mosaic. With the present-day LULC pattern, the
simulations project that the warming rate over Limpopo (5°C in 2099) may be higher than the
global warming rate (4°C in 2100), but no trend exists in the precipitation and hydrological
variables. However, the spatial distribution of the rainfall projection shows a decrease in
precipitation and drying over the eastern part of the basin, and an increase in precipitation and
hydrological variables over the southern part. Hence, it appears that climate change increases
the frequency of hydrological droughts over the basin. The replacement of savanna and the
expansion of grassland scenarios mitigate the impacts of climate change on the frequency of
soil moisture droughts because they increase soil moisture. However, they aggravate the
impacts of climate change on the frequency of runoff and streamflow droughts, as they further
decrease runoff and streamflow over the basin. The influences of expansion of cropland and
grassland/cropland scenarios are in the opposite direction to that of replacement of savanna and
the expansion of grassland scenarios.
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Using land-use change to mitigate future impacts of climate change on hydrological droughts
in the Western Cape River basins

The LULC change scenarios considered for this region are the spread of forest, the restoration
of shrubland, the expansion of cropland, and the restoration of grassland. With the present-day
LULC pattern over the basin (SWAT+ default), future projections also show an increase in
temperature and potential evaporation, but a decrease in precipitation and all the hydrological
variables. The drying occurs across the basin, and the magnitude of the drying increases with
higher GWLs. The spread of forest enhances the climate change impacts on runoff (by further
decreasing runoff) and reduces the climate change impacts on streamflow and on streamflow
droughts (by increasing the streamflow). The restoration of shrubland enhances the climate
change impacts on runoff and streamflow and the associated droughts (by decreasing both
variables). The expansion of cropland and the restoration of grassland produce more complex
changes, featuring increases and decreases in hydrological variables in different parts of the
basins. However, the impacts of all these LULC changes are small compared to the climate
change impacts.

Findings from this study show that, while LULC change scenarios can reduce the impacts of
climate change on some hydrological droughts in the river basins, they can also enhance the
impacts on other hydrological droughts. Nevertheless, the impacts of the LULC change
scenarios are small compared to the climate change impacts. The study has provided a
framework for investigating the efficiency of land-use changes in mitigating future climate
change impacts on other river basins.

Recommendations

e Results of this study suggest that, while these extreme LULC change scenarios could
either mitigate or aggravate the climate change impacts on hydrological drought
frequency over the basins, the magnitudes of the impacts are in most cases less than
30% of the climate change impacts. This implies that LULC changes may not be
sufficient to offset the climate change impacts over the basins; hence, there is a need to
explore other climate change mitigation options in these areas. In addition, as all the
LULC changes reduce the climate change impacts on one hydrological drought, while
aggravating the impacts on another, there is a need to weigh the pros and cons of any
LULC change before implementing it.

e The approach used in this study only offers insight into the potential hydrological
impacts of using LULC changes to mitigate droughts in the river basins. It is by no
means intended to be prescriptive about LULC activities for a particular river basin, but
it may assist stakeholders and decision makers in making better decisions on land
management and water resource planning in a future impacted by drought due to
climate change.

e Forsimplicity and ease of interpretation, all the LULC change experiments in this study
have assumed that the future climate projection would sustain the prescribed LULC
patterns, so the vegetation did respond to the climate variability and change. This may
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not always be the case in practice. Hence, there is a need to extend the study to perform
more sophisticated experiments that would enable vegetation to respond to future
atmospheric conditions. The results of such experiments could alter the magnitude of
the LULC changes obtained in the present study.

Solar radiation management (SRM) has been proposed as a global and more effective
option to mitigate climate change impacts. SRM aims to eliminate global warming by
artificially reflecting a small amount of inbound sunlight out into space. However,
although SRM is still in its early stages of research, controversy exists because its full
effect on different components of the earth system is unknown. There is a need to
investigate the potential impacts of SRM on the hydrological drought over the basins
focused on in this study and to compare the results with those of LULC changes
obtained in the present study. This will provide an opportunity for comparing global
and local climate change mitigation strategies over the basins.
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Chapter 1: Introduction

1.1 Background

River basins form the backbone of socio-economic activities in South Africa because they
provide water to support activities, such as agriculture, fisheries, livestock, forest products,
mining, industry, power generation, and tourism. For instance, the Vaal River basin (VRB)
accounts for more than 24% of the country’s gross national product (GNP) and serves more
than 45% of the nation’s population (Braune and Rogers, 1987; DWAF, 2003). Through the
storage of water in dams, this basin supports urban services and accommodates a range of
water-based leisure activities like swimming, boating, water skiing, and yachting. The Limpopo
River basin (LRB) accounts for 24% of national mining output, 7% of national agriculture, 6%
of national construction, and 2% of national manufacturing (REB, 2016). Agricultural produce
from the LRB makes up a huge portion of South Africa’s national exports. The LRB also
provides fertile soil for cultivating a variety of South African crops, like avocados, mangoes,
papayas, tomatoes, and potatoes (Limpopo Business, 2017). A large proportion of the crops
grown in this basin are high-value crops (e.g. citrus, bananas, and grapes), which are exported
(Limpopo Business, 2017). The LRB is also home to 18% of the country’s goats and 7% of the
cattle and produces 6.8% of the country’s eggs (Limpopo Business, 2017). The basin
accommodates some of the world’s largest thermal power generating stations, such as Medupi
and Matimba, which is the largest direct dry-cooled power station in the world (Eskom, 2020).
Furthermore, the LRB attracts tourists from around the world to see the majestic Victoria Falls
and the Big Five in the Kruger National Park. The Western Cape River basins (WRB) also have
rich soil for viticulture, fruit farming, and wheat cultivation, and support biodiversity that
attracts both local and international tourists throughout the year. However, given ongoing rapid
urbanisation and population growth, the water demand from these river basins (VRB, LRB, and
WRB) is likely to escalate in the future. Hence, for sustainable development of socio-economic
activities in South Africa, there is a need to ensure that these river basins are healthy.

1.2 Impacts of droughts on the river basins

Drought poses a direct threat to socio-economic activities in South Africa because of its
devastating impacts on the river basins. Droughts, which usually stress water resources, pose a
big challenge to water resource management and devastate the socio-economic activities of the
riparian communities. For instance, in the 1980s, severe hydrological droughts reduced the
streamflow in the VRB and resulted in the imposition of more than 30% water restrictions on
urban and industrial use (Braune and Rogers, 1987). As part of measures to minimise the
impacts of hydrological droughts in the basin, water transfer schemes (like the Lesotho
Highlands Water Project and the Tugela-Vaal Water Transfer Scheme) have been developed to
channel water into the Vaal River from other basins. In the 1990s, a severe drought destroyed
crops in the LRB, induced a water shortage that affected millions of people and disrupted socio-
economic activities in South Africa (Benson and Clay, 1998). The country suffered a GDP loss
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of 1.8% (about US$500 million) (Davis and Vincent, 2017). The South African region endured
the lowest recorded annual rainfall of 403 mm and the hottest recorded temperatures over the
last ten years (Davis and Vincent, 2017). In 2015-2016, the LRB experienced its worst drought
since 1930 due to the strong 2015-2016 El Nifio event. Dam levels in Limpopo were down to
about 22% (Otter, n.d.) and the province was declared a drought disaster area. More recently,
a severe drought that affected the WRB drastically reduced the dam water level in Cape Town
(Africa’s most attractive tourist city), leading to water restrictions for the millions of people in
the city (Blamey et al., 2019; Odoulami et al., 2021; Omar and Abiodun, 2020; Sousa et al.,
2018; Wolski, 2018. Hence, there is clearly a need for more studies on how to manage drought
risks over these basins.

1.3 Climate change and droughts

Several studies have reported an increasing trend in drought activities (in terms of their severity,
frequency, and persistence) in Africa over the last decades (Omar and Abiodun, 2020; Padron
etal., 2020; Spinoni et al., 2019) and attributed the trend to global warming (e.g. Bellprat et al.,
2015; Funk et al., 2018; Otto et al., 2018; Pascale et al., 2020; Uhe et al., 2018). These trends
may continue into the future (Abiodun et al., 2019; Cook et al., 2020; Spinoni et al., 2019). Dai
et al. (2018) showed that the warming associated with climate change adds extra heat into the
atmosphere, and that most of this heat goes into drying the continent. Hence, the warming
would amplify the evaporative demand of the atmosphere, trigger natural droughts more
quickly, and make such droughts more intense and longer-lasting. South Africa is projected to
become generally drier under this warming, with an associated increase in dry spells and
droughts (Abiodun et al., 2019; Abiodun et al., 2020; Cook et al., 2020; Dosio et al., 2019;
Madre et al., 2018). Abiodun et al. (2019) projected an increase in drought intensity and
frequency over the major river basins in Southern Africa at various global warming levels
(GWLs). Climate change would negatively impact water availability for crops and pastures,
with a greater chance of failed harvests and reduced livestock feeds. In addition, the adequate
provision of water for livestock production could become more difficult under climate change.
Moreover, given ongoing rapid urbanisation and population growth, there is a concern that
climate change may enhance the severity and impacts of hydrological droughts in the future.
Hence, there is a need to quantify and minimise the potential impacts of climate change on
hydrological droughts and on socio-economic activities.

1.4 Impacts of land-use/land-cover changes in the river basins

Land use/land cover (LULC) can have profound effects on the water cycle and water yield in a
basin (e.g. Falkenmark et al., 1999; Koneti et al., 2018; Li et al., 2007 and 2018; Lumsden
et al.,, 2003). The LULC changes, which influence hydrological processes, such as
evapotranspiration, interception, and infiltration, can alter the partitioning of rainwater into
surface and subsurface flows (Falkenmark et al., 1999). In addition, LULC changes can have
both negative and positive impacts on water yield, depending on the type and degree of LULC
changes (Lumsden et al., 2003). For example, while forestation may reduce runoff and decrease
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streamflow, human settlement may enhance runoff and increase streamflow. Li et al. (2018)
showed that an expansion of the built-up area in Jing-Jin-Ji (China) produced up to a 5.1%
increase in total water yield. Setyorini et al. (2017) also showed that the conversion of forest to
grassland, cropland, and urban area in the Upper Brantas basin (Indonesia) increased
evapotranspiration, surface runoff, and streamflow, but decreased groundwater and lateral flow.
Koneti et al. (2018) confirmed that urbanisation and the expansion of cropland at the expense
of forest in the Godavari River basin (India) increased runoff and streamflow but decreased
evapotranspiration and infiltration. All these studies agreed that the impacts of a LULC change
depend on the biophysical characteristics of the LULC change. In general, an increase in
vegetated land lowers water yield due to a higher rate of evapotranspiration and water
infiltration, while an increase in bare land and built-up areas enhances water yield because of
their impermeable surface. Li et al. (2007) shed light on this in their numerical study of West
Africa. They showed that, while removal of vegetation (i.e. forest, grassland, and savanna) can
increase water yield, this increase may be non-linear and may exhibit a threshold effect. Simply
stated, below a certain threshold, the LULC changes may produce no significant impacts; but
above the threshold, the impact may increase dramatically (Li et al., 2007). Nevertheless, while
all these studies have documented how LULC changes can influence the hydrological cycles
and water yield in a basin, there is still a dearth of information on how and to what extent LULC
changes can be used to reduce the impacts of climate change on drought in river basins in South
Africa. Such information will be valuable in formulating appropriate LULC policies to mitigate
the impacts of climate change on water yields and hydrological droughts in the future.

1.5 Study aim and objectives

This study aims to examine and explore the extent to which land-use changes can be applied in
reducing the impacts of climate change on hydrological droughts in three South African river
basins, namely, the Vaal River basin (VRB), the Limpopo River basin (LRB) and the Western
Cape River basins (WRB).

The objectives of this study are:

1. To calibrate, evaluate and apply a hydrological model over the selected river basins in
South Africa.

2. Toinvestigate the influence of bias correction in the climate simulation datasets on the
quality of hydrological simulations over the river basins.

3. To project the impacts of future climate change on hydrological variables and drought
characteristics in the river basins.

4. To explore and quantify the extent to which LULC changes can reduce impacts of
droughts in the river basins.

1.6 Organisation of the report

Chapter 2 outlines the methodology of this study. This includes the description of the selected
river basins, datasets, hydrological model (SWAT+), and analysis methods. Chapter 3 presents
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the calibration and validation of the SWAT+ over the river basins. Chapter 4 provides an insight
into how bias correction of climate variables influences the quality of hydrological simulation
over the basins. Chapters 5 to 7 present the future projection of hydrological variables and
droughts over the river basins and show how various land-use changes can influence these
projections. Chapter 8 provides concluding remarks and recommendations for further research.



2.1 Introduction

Chapter 2: Methodology

This chapter gives a compressive description of the methodology of the. It describes the study
domain, research datasets, and analysis methods used in the subsequent chapters (3 to 7).
However, the methods described here are those used for analysis in two or more of the chapters.
The methods that are unique to a chapter are discussed in the chapter.

2.2 Study domain

The focus of this study is on three river basins in South Africa, namely: the Vaal River basin
(VRB), the Limpopo River basin (LRB) and the Western Cape River basins (WCRB). These
basins were chosen because of their economic importance coupled with their vulnerability to
droughts. They are all renowned drought hot-spots in Southern Africa.
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Figure 2.1: Map of Southern Africa, showing the location of the basins used in the study: the
Vaal River basin, the Limpopo River basin and the Western Cape River basins (Olifants,

Gouritz, Breede and Berg).



2.2.1 The Vaal River basin

The Vaal River basin (26°-30° S, 23.5°-30° E; VRB), located in the north-east of South Africa
(Fig. 2.1), is the heartbeat of many socio-economic activities in South Africa. The Vaal River,
perceived to be the most ‘hardworking’ river in South Africa (Otieno et al., 2009; Van Vuuren,
2008), meanders through the economic heartland of the water-stressed country to provide water
for industries, mining, irrigation, power generation, and about 12 million people (DWAF,
2003). As a result, it accounts for more than 24% of the country’s GNP and serves more than
45% of the nation’s population (Braune and Rogers, 1987; DWAF, 2003). Through storage of
water in dams, the river provides about USD100 billion/year support to urban services and
agricultural production (Jury, 2016), in addition to accommodating a range of water-based
leisure activities (like swimming, boating, water skiing, and yachting) that attract local and
international tourists throughout the year. It also serves as a hub for several inter-basin water
transfers. Nevertheless, the streamflow in the Vaal River is highly erratic due to large rainfall
variability and excessive evaporation, which often induce hydrological droughts in the basin.

The VRB covers an area of about 196,000 km?, and the river itself is about 1300 km long,
flowing westward from its source in the Mpumalanga Province (at Ermelo — 26.5° S, 30.0° E
— on the western slopes of the Drakensberg range) to join the Orange River (near Douglas —
29.1° S, 23.8°E), which flows into the Atlantic Ocean. The main tributaries of the river
originate near the Eastern Escarpment Mountains. The major dams along the Vaal River include
the Vaal Dam (2200 million m® at 26.9° S, 28.1° E) and the Bloemhof Dam (1200 million m®
at 27.7° S, 25.7° E). The climate of the basin is subtropical dry savanna with the mean annual
evaporation (about 1300 mm) exceeding the annual precipitation (about 600 mm) (Jury, 2016).
The precipitation varies from about 1000 mm in the east to about 300 mm in the west (Akanbi
et al., 2021). Its annual mean temperature is about 15°C, ranging from 9°C in August to 24°C
in January (Akanbi et al., 2021). The dominant land cover in the basin is grassland (54%),
cropland/grassland mosaic (29.3%), and cropland (18%) with a trace of savanna (3.4%). The
predominant land use is agriculture, of which dry-land commercial cultivation is the largest
practice. Although the Vaal River is the most developed and most regulated river in South
Africa, hydrological drought poses a big challenge to water resource management in the basin.
For instance, in the 1980s, severe hydrological droughts reduced the streamflow in the basin
and resulted in the imposition of more than 30% water restrictions on urban and industrial use
(Braune and Rogers, 1987).

2.2.2 The Limpopo River basin

The Limpopo River basin (25° E — 35° E, 19° S — 27° S; LRB), located in the south-east of
Southern Africa, is one of the most economically important river basins in Southern Africa
(Figure 2.1). This complex transboundary basin sustains 18.8 million people across four
adjoining riparian countries (South Africa, Botswana, Mozambique, and Zimbabwe) and
supports the economies of these nations (Merz et al., 2020; Trambauer et al., 2015). It also
contributes to the economy of the entire Southern African Development Community (SADC)



region by supporting a wide range of socio-economic activities, such as mining, industry,
agriculture, and tourism.

The LRB drains an area of approximately 415 000 km?, and the river itself extends more than
1750 km in length. The topography of the LRB ranges from about 2300 m above sea level
(m.a.s.l) in the highveld regions in South Africa to less than 7 m.a.s.l on the vast floodplains of
the Mozambican part of the catchment. The basin comprises generally level or undulating fields
between ranges of hills and mountains. The exceptions to the generally flat landscape are the
northward streaming tributaries of the Limpopo, which are found in the mountainous regions
of South Africa, including the Waterberg, Strydpoort Mountains, and the Drakensberg range in
the south-eastern part of the basin. The climate of the LRB varies considerably, ranging from
predominantly arid in the west to semi-arid and temperate in the central zones, to tropical rainy
conditions along the coastal plain of Mozambique, and tropical dry savannah towards the Indian
Ocean (Food and Agriculture Organization (FAQ), 2004; Seibert et al., 2017; Trambauer et al.,
2015). Rainfall over the basin is largely influenced by the movement of the InterTropical
Convergence Zone (ITCZ), which gives rise to two distinct rainfall seasons. These include a
warm wet season during the summer (December-February) and a cold dry season during winter
(June-August). Temperatures over the basin range from 18°C to 34°C in summer and 5°C to
26°C in winter (Gyamfi et al., 2016). Evaporation over the basin is 1970 mm/year on average,
with a range of 800 to 2400 mm/year (FAO, 2004). However, drought poses a big threat in the
basin. For example, drought caused widespread crop destruction in the basin in 1992-1993 and
induced massive agricultural and economic losses in the riparian countries.

2.2.3 The Western Cape River basins

The Western Cape Province (30°S —35°S; 17° E — 25° E) lies in the southernmost part of South
Africa (Figure 2.1). The economic activities in the province include manufacturing,
construction, mining, and agriculture. The Western Cape River basins (WRB) consist of four
river systems: the Breede (12,348 km?), Berg (7,715 km?), Gouritz (45,715 km?) and Olifants
(46,220 km?). These river catchments are rich in biodiversity and have high ecological
importance. The Breede and Berg, which are located entirely within the Western Cape, are
arguably the most important of these. Six major dams within these two basins form part of the
Western Cape Water Supply System (WCWSS). These networks of pump stations and
pipelines are key, since they support industry and tourism in the Cape Town metropolitan area
and supply drinking and domestic water for use in the City of Cape Town, as well as water for
irrigation on surrounding farms (e.g. viticulture and fruit farming under irrigation and rain-fed
wheat cultivation) (Statistics South Africa, 2010).

The climate conditions across the Western Cape are temperate Mediterranean with warm dry
summers and mild moist winters. Average summer temperatures range from 15°C to 27°C,
while winter temperatures range from 5°C to 22°C (Hurry and Van Heerden, 1982; Kruger,
2004; Tyson, 1986). The Western Cape is one of South Africa’s driest regions, receiving only
~350 mm of rain annually, well below the national annual average of ~500 mm (Dennis and
Dennis, 2012). Much of the rainfall occurs during the austral winter months (extending from
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about May to September), and is typically received from cold fronts and associated
extratropical cyclones, or occasional westerly disturbances, such as cut-off lows. Rainfall is,
however, highly heterogeneous and varies considerably, from semiarid areas to relatively wet
areas on the windward slopes of mountains (Blamey et al., 2019). Annual precipitation ranges
from ~300 mm to more than 900 mm, although some areas receive extreme rainfall, i.e. as low
as 60 mm and as high as 3345 mm (Botai et al., 2017). The Western Cape recently experienced
one of the most severe droughts in its history. It was a multi-year drought, and rare in that it
manifested across four drought classes: meteorological, agricultural, hydrological, and socio-
economic. The drought was characterised by below normal rainfall over three consecutive years
(2015-2017).

2.3 Data

Three types of datasets are used in this study, namely: the geographical information system
(GIS), hydrological, and climate datasets. The GIS consists of the basin shapefile data,
topography data (digital elevation model (DEM); 90-metre resolution; obtained from the
Shuttle Radar Topography Mission (SRTM): https://srtm.csi.cgiar.org), soil type data (obtained
from the Waterbase; http://www.waterbase.org), and LULC data (obtained from the Waterbase;
http://www.waterbase.org). The GIS datasets are used to characterise the basin in the
hydrological modelling. The hydrological dataset comprises a daily streamflow dataset
obtained from the Department of  Water and Sanitation (DWS)
(https://www.dws.gov.za/Hydrology/). The streamflow data at the hydrological stations were
utilised for the calibration and validation of the hydrological model over the basins.

The climate observation dataset is the Global Meteorological Forcing Dataset (GMFD), which
is a combination of the global observational dataset and the National Centers for Environmental
Prediction — National Center for Atmospheric Research (NCEP/NCAR) reanalysis dataset
(Sheffield et al., 2006). The GMFD was developed for global land surface modelling at 1.0°
high spatial resolution and at a 3-hourly time step between 1948 and 2000. We use GMFD daily
data (precipitation, minimum temperature, maximum temperature, solar radiation, wind speed,
and relative humidity) as climate input data in calibrating the hydrological model and in
evaluating the climate simulation dataset.

The climate simulation dataset is from the COordinated Regional Downscaling EXperiment
(CORDEX) (Giorgi et. al., 2009). CORDEX was established by the World Climate Research
Program (WCRP) to produce regional climate simulations worldwide. The CORDEX datasets
used in this study comprise a 50 km resolution simulation from a regional climate model (RCM)
called the Rossby Centre Regional Climate Model 4 (RCA4) that downscaled seven Coupled
Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012) Global Climate Model
(GCM) simulations for past and future climates (Table 2.1). Detailed information about the
downscaling is reported in Déqué et al. (2017). To minimise the systematic bias in the
CORDEX dataset, we applied bias correction to the dataset using the Quantile Delta Mapping
(QDM) technique (Cannon et al., 2015) as implemented in the QDM R-package
(https://rdrr.io/cran/MBC/man/QDM.html).  The  bias-corrected = CORDEX  dataset
8
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(seven-member ensemble) served as the input climate data for the hydrological model in
simulating the past and future hydrology over the basin.

Table 2.1: The CMIP5 GCM simulations used in the study and the corresponding 30-year
period for various GWLs (1.5°C, 2°C, 2.5°C and 3.0°C) under the RCP8.5 scenario. All the
GCM simulations were downscaled with the RCA4 model in the CORDEX (Déqué et al.,
2017) and bias-corrected.

GCMs Period of Global Warming Levels (GWLSs)
1.5°C 2°C 2.5°C 3°C
CanESM2 1999-2028 2012-2041 2024-2053 2034-2063
CNRM-CM5 2015-2044 2029-2058 2041-2070 2052-2081
CSIRO-Mk3-6-0 2018-2047 2030-2059 2040-2069 2050-2079
IPSL-CM5A-MR 2002-2031 2016-2045 2027-2056 2036-2065
MIROC5 2019-2048 2034-2063 2047-2076 2058-2087
MPI-ESM-LR 2004-2033 2021-2050 2034-2063 2046-2075
NorESM1-M 2019-2048 2034-2060 2047-2076 2059-2088
2.4 Methods

This section details the methods used in analysis data in the study. It starts describes the indices
used to characterize meteorological and hydrological droughts and explains the bias-correction
technique used in the study. It also gives a general description of hydrological modelling
concepts and provide a detailed information on the hydrological model (SWAT+) used in the
study.

2.4.1 Characterising droughts

We used seven standardised drought indices to characterise droughts (Table 2.2). The use of
standardised indices has become increasingly popular in drought assessment since the
introduction of the Standardized Precipitation Index (SPI) by McKee et al. (1993). A major
advantage of standardised indices is their comparability among time, space, and variables. The
calculation procedure is the same, independently of the input variable used (i.e. runoff,
streamflow, or soil moisture). Meteorological drought is characterised using SPI and SPEI
(Standardized Precipitation Evapotranspiration Index), while hydrological drought is identified
using the SWI, RFI, SFI and WYLDI over the LRB. SPI is formulated by fitting long-term
precipitation (P) records to a gamma probability density function, which is transformed to a
normal distribution. The transformed probability gives the SPI values, which mainly vary from
-2 t0 2 (Mckee et al., 1993). Details of the equation formulation and calculation for the drought
index are specified in previous studies (Edwards and McKee, 1997; McKee et al., 1993). Like
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SPI, SPEI is a probability-based function calculated that uses climatic water balance data
instead of precipitation data (Vicente-Serrano et al., 2010). The advantage of using SPEI is the
inclusion of the atmospheric water demand, potential evapotranspiration (PET), which has been
shown to play a crucial role in drought severity (Meque and Abiodun, 2014; Ujeneza and
Abiodun, 2014). The climate water balance (CWB;) for the month i is calculated as:

CWBi = Pj - PET;
Table 2.2: The description of drought indices used to characterise meteorological, and

hydrological droughts in study. All of the indices were calculated with monthly data at a 12-
month scale.

Drought indices Description Drought type

SPI Standardized Precipitation Index, calculated Meteorological drought
based on precipitation

SPEI Standardized Precipitation Evapotranspiration Meteorological drought
Index, calculated based on climate water balance
(CWB) (precipitation minus potential
evapotranspiration)

SWI Soil Water Index, calculated based on soil Hydrological drought
moisture

RFI Runoff Index, calculated based on surface runoff  Hydrological drought

SFI Streamflow Index, calculated based on Hydrological drought
streamflow

WYLDI Water Yield Index, calculated based on water Hydrological drought
yield

PERCI Percolation Index, calculated based on Hydrological drought
percolation

In this study, PET was obtained using the Hargreaves method (HG; Hargreaves and Samani,
1985). However, the Penman-Monteith (PM) method is better suited for the calculation of PET,
as it is based on fundamental physical principles. Due to its comprehensive theoretical base,
the PM method is usually preferred for calculation of PET (Monteith, 1965). However, the PM
method requires several climate variables (i.e. air temperature, relative humidity, solar
radiation, and wind speed), for some of which there is no reliable data for the study region.
Owing to its basis on fundamental physical principles, the PM method is better suited for the
calculation of PET. However, the PM method requires several climate variables (air
temperature, relative humidity, windspeed, and net radiation), which are available only for a
10



limited number of CORDEX simulations over the basin. Begueria et al. (2014) recommended
the use of HG for calculating PET where the data is scarce to use the PM method. Similarly,
the Runoff Index (RFI), Streamflow Index (SFI) and Soil Water Index (SWI) are essentially
based on the methodology for calculating SPI, which involves fitting a distribution to the time
series of runoff, streamflow or soil moisture and transforming it to a normal distribution. Input
data for computation of RFI, SFI and SWI were derived from the hydrological SWAT+ model.
The advantage of this parameter is that it offers the possibility of quantifying most of the
hydrological components with high importance for water resource use systems. The
classification for all the above-mentioned indices is outlined in Table 2.3.

Table 2.3: Classification of drought indices (for SPI, SPEI, SWI, RFI, SFI, WYLDI, and
PERCI). The definitions of the drought indices are summarised in Table 2.2.

Drought indices values Classification
2.00 and more Extremely wet
1.50t01.99 Very wet

1.00 to 1.49 Moderately wet
0.00 to 0.99 Near normal

0.00 to -0.99 Mild drought
-1.00 to -1.49 Moderate drought
-1.50 to -1.99 Severe drought
-2.00 or more Extreme drought

2.4.2 Bias correction of CORDEX simulation datasets

It is well known that climate models (global and regional) are viable tools for simulating climate
systems. However, numerous studies have shown that the outputs of global and regional climate
models can differ significantly from observational reference data (Maraun, 2016; Randall
et al., 2007). Hence, the climate model outputs are usually bias corrected statistically before
they are used in hydrological simulations (Ehret et al., 2012; Maraun, 2016). Bias correction
(amethod applied to statistically match climate simulations to observation data to better capture
the local- and regional-scale features) is particularly useful in analyses of drought conditions.
Some studies have shown how bias correction is important for climate model outputs that are
intended to analyse future drought over the United States and over Australia (Johnson and
Sharma, 2015). This is because bias correction may improve the consensus amongst climate
models in ensemble simulations and/or moderate the future drought frequency associated with
the climate change signal. For example, Mbaye et al. (2018) showed that climate simulations
for extreme precipitation and temperature over the Senegal River basin are sensitive (in
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magnitude) to bias correction. However, no studies have investigated the sensitivity of future
climate projection over Southern Africa to bias correction.

Many empirical statistical techniques have been developed to downscale climate model outputs
for impact studies. For hydrological impact studies, the QDM approach is a common and often
recommended approach (Chen et al., 2013; Gudmundsson et al., 2012; Teutschbein and Seibert,
2012). The QDM approaches correct biases in the entire distribution of modelled variables such
that the distribution of the modelled variables matches that of the observation data (Cannon,
2016). However, QDM approaches correct the climate variables independently from one
another, thereby neglecting the spatial and inter-variable correlations, which may alter the
quality of the corrections (Wilcke et al., 2013). Meanwhile, the interdependence of key climate
variables, such as air temperature and precipitation, are important when modelling multivariate
drought indices, such as SPEI (Cannon, 2016). Several studies have shown that, while
univariate quantile mapping retains the inter-variable dependencies as represented by the raw
climate model output data, it is however unable to capture the local interdependencies in
observations (Wilcke et al., 2013).

To account for interdependencies, multivariate bias-correction (MBC) approaches have been
developed to allow for the preservation of the interdependence of climate variables found in
the target observation data throughout the bias-correction process (Cannon, 2016; Li et al.,
2014). The MBC approach also corrects the biases in climate model outputs by adjusting
marginal distribution, using quantile mapping that can preserve the dependence structure
between multiple variables projected changes in simulated quantiles to a certain extent
(Cannon, 2018). In applications that require multiple variables, it is desirable not just to correct
the marginal distributions of the individual variables, but also to preserve and, if possible,
correct the relationships between variables. For instance, Cannon (2018) presents a highly
flexible multivariate bias-adjustment method and demonstrates its effectiveness on a modelled
multivariate hazard indicator. By adjusting biases and dependencies between temperature,
precipitation, relative humidity and wind speed, the method substantially reduces biases in the
five-dimensional Fire Weather Index (FWI), outperforming univariate bias-adjustment
approaches. Nevertheless, it is still largely unknown how widely used statistical bias-correction
methods affect modelled impacts that depend on multiple drivers, such as the drought index
SPEI. However, in this study, we used the QDM bias-correction method to correct the
CORDEX dataset.

2.4.3 Hydrological modelling

Hydrological modelling is an act of using mathematical equations to represent complex
hydrological processes with the aim of providing or predicting the spatial and temporal
distribution of hydrological variables over large areas or basins. In other words, a hydrological
model uses simplified equations to represent complex hydrological reality (Sorooshian et al.,
2008). A hydrological model consists of various equations and parameters that describe the
characteristics of the process represented by the model. For example, a runoff model consists
of a set of equations that estimates runoff as a function of various parameters used to describe
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watershed characteristics. The two most important inputs required for a hydrological model are
rainfall data and drainage area, followed by watershed characteristics, like soil properties,
vegetation cover, watershed topography, soil moisture content, and characteristics of the
groundwater aquifer. As hydrological models are now considered an important and necessary
tool for water and environment resource management, several hydrological models have been
developed across the world, not only to understand and predict various hydrological processes,
but also to study the impacts of climate, soil properties and land cover changes on hydrology
and water resources (Devia et al., 2015). Hydrological models can be classified as empirical,
conceptual, and physically based models. These classifications are described below and

summarised in Table 2.4.

Table 2.4: Characteristics of empirical, conceptual, and physically based models.

Empirical model

Conceptual model

Physically based model

Data based or metric or
black box model

Involve mathematical
equations, and derive value
from available time series

Little consideration of
features and processes of
system

High predictive power, and
low explanatory depth

Cannot be generated to
other catchments

Valid within the boundary
of a given domain

Parametric or grey box model

Based on modelling of
reservoirs, and include semi-
empirical equations with a
physical basis

Parameters are derived from
field data and calibration

Simple and can be easily
implemented in computer
code

Require large hydrological
and meteorological data

Calibration involves curve
fitting, making physical
interpretation difficult

Mechanistic or white box model

Based on spatial distribution,
evaluation of parameters
describing physical
characteristics

Require data about initial state
of model and morphology of
catchment

Complex model, requiring
human expertise and
computation capability

Suffer from scale related
problems

Valid for a wide range of
situations

13



2.4.3.1 Empirical models

Empirical models are observation-oriented models. They are built only on information from
existing data without considering the features and processes of the hydrological system. Hence,
these models are called data-driven models. Their mathematical equations are derived from
concurrent input and output time series and not from the physical processes of the catchment.
A unit hydrograph is a good example of empirical models. For empirical models, statistically
based methods (like regression and correlation) are used to find the functional relationship
between inputs and outputs. Machine learning techniques (like artificial neural networks and
fuzzy regression) can also be used to develop empirical models. The main shortcoming of these
models is that they are only valid within the physical/geographical boundaries.

2.4.3.2 Conceptual models

Conceptual models describe all the component hydrological processes and consist of several
interconnected reservoirs that represent the physical elements in a river basin. As in reality, the
model catchments are recharged by rainfall, infiltration and percolation, and they are emptied
by evaporation, runoff, drainage, etc. These models use semi-empirical equations. So, their
model parameters are assessed not only from field data but also through calibration. Large
numbers of meteorological and hydrological records are required for calibration of these
models. The calibration involves curve fitting, which makes the interpretation difficult, and
hence the effect of land-use change cannot be predicted with much confidence. However, many
conceptual models are now being developed with varying degrees of complexity. The well-
known Pitman model, developed at the Center for Water Resources Research, Rhodes
University Rhodes in Grahamstown in South Africa (Hughes, et al., 2006), is a good example
of a conceptual model.

2.4.3.3 Physically based models

The physically based model is a mathematically idealised representation of the real
phenomenon. These are also called mechanistic models because they include the principles of
physical processes. They use state variables, which are measurable and are functions of both
time and space. The hydrological processes of water movement are represented by finite
difference equations. Extensive hydrological and meteorological data is not required for their
calibration, but the evaluation of many parameters describing the physical characteristics of the
catchment is required (Abbott et al., 1986). In these models, a huge amount of data (such as
soil moisture content, initial water depth, topography, topology, dimensions of river network,
etc.) is required. Physically based models can overcome many defects of the other two types of
models (i.e. empirical and conceptual models) because their parameters can have physically
interpreted. In addition, they can provide large amounts of information even outside the
boundary, and they can be applied to a wide range of situations. Examples of these models
include the ACRU model, Department of Agricultural Engineering at the University of
KwaZulu-Natal, Pietermaritzburg, Republic of South Africa (Schulze, 1995). A physically
based model (called SWAT+) was used for the present study.
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2.4.4 Description of the hydrological model: SWAT+

The hydrological model used in the study is called the SWAT+ model. The SWAT+ is an
improved version of the Soil and Water Assessment Tool (SWAT). The SWAT model is a
spatially distributed, continuous-time and process-based hydrological model for performing a
wide variety of watershed-scale applications. The SWAT model, well known for providing
scientifically credible solutions, was developed by the United States Department of
Agriculture-Agricultural Research Service (USDA-ARS) in the early 1990s. This model is
made up of several components, with major ones including weather, hydrology, soil
temperature and properties, plant growth, nutrients, pesticides, bacteria and pathogens, and land
management (Arnold et al., 2012). Hence, it can be used to simulate hydrological (e.g. surface
and subsurface flows), sediment, and nutrient/pesticide processes. Changing management
practices can be reasonably simulated by many governing functions. SWAT simulates
processes based on sub-basins, which are further divided into Hydrological Response Units
(HRU). The HRU represents an area of homogenous land use, management, and soil
characteristics of the sub-basin. In HRUs, designated land use, soil type, and slope information
can be grouped into files for each sub-basin. The results from the HRU are scaled to cover the
whole respective sub-basin. The generalisation is a process during which HRU influences the
results, but also enables the model to simulate large areas, while still maintaining detailed
physical processes. All calculations and flow routings are performed on the basis of HRUs
using daily time steps, even though the results can be outputted as monthly or yearly values.
SWAT processes are simulated based on the water balance equation (Neitsch et al., 2005):

SWt = SW, + Zf:l(Rdayi - qurfi —Eqi — Wseepi - ng i) 1)

Where t is time in days, SW; is the final moisture content of the soil, SW, is the initial moisture
content of soil on day i, and Ryay, Qsurfr Ear Weeep, and Qg,, are daily amounts (mm) of
rainfall, surface runoff, evapotranspiration, water transferred from the soil profile into the gas
zone, and the return flow respectively. The water balance has direct impacts on plant growth
and the movement of nutrients and sediments in the soil basin. Based on the goal of the present
study, we will concentrate on the climate, hydrology, and vegetation components of the SWAT
model.

The outputs at the HRU level are aggregated at the sub-basin level, and eventually delivered
from the upstream to the downstream sub-basin via channel routing. This approach was useful
back in the time when computational speed was still quite slow. Conversely, users can assign
one HRU to each sub-basin, so that the SWAT project will be closer to a physically based
model (instead of semi-physically-based), given modern computer technology.

The SWAT model has been applied globally to various subjects, such as the Great Lakes in the
United States, the Yellow River basin in China, the Blue Nile basin in Africa, and the LRB in
South Africa (Querner and Zanen, 2013). Although the SWAT model has become widely used
across the globe, many studies have also revealed limitations and identified specific model
development needs. Numerous additions and modifications of the model and its individual
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components have made the code increasingly difficult to manage and maintain. To face present
and future challenges in water resources modelling, the SWAT code has thus undergone major
modifications over the past few years, resulting in SWAT+, which is a completely revised
version of the model.

The SWAT+ model, the new generation of the SWAT model, was developed to make the model
more flexible and advanced. The major improvement of SWAT+ over SWAT is that the model
has been reconstructed in the form of independent modules (objects), so that it is much easier
in terms of model maintenance and the corresponding development as well. In addition to
modularisation, there are also some key developments to enhance the performance of the
model. For example, new functionalities of aquifers and reservoir operation rules are available
in SWAT+. Aquifers used to be controlled exclusively in HRUs. Now the corresponding
aquifer boundaries can be defined flexibly without following the limitations of HRUSs.
Reservoir functions were one of the primary problems of the SWAT model. Reservoir releases
may play a significant role in watershed responses. With SWAT+, users can now assign
detailed operation rules effortlessly so that reservoir simulation outputs can be much closer to
actual operational routines. The primary differences between the SWAT+ and SWAT models
are summarised in Table 2.5. There are other spatial modules with designated functions:
(i) outlets can be used to add/remove water from the watershed; (ii) canal; can be used to
conduct water diversion among irrigation regions; (iii) pumps can be extracted from any aquifer
to a specified spatial object; (iv) herds can be applied to biomass and the associated grazing
conditions; and, (v) water rights can be assigned according to different shares of water demand.
More details can also be found in Arnold et al. (2012). The SWAT+ model is thus utilised for
this study.

Table 2.5: Primary differences of functionalities between SWAT and SWAT+.

Category SWAT+ SWAT

Calibration Support ~ Users can manually calibrate SWAT+ by  Not Supported
using calibration.cal

Reservoir Operation  Users can assign operation rules Not Supported

Coding Flexibility Easy to modify/upgrade modularised Not Supported
coding structure

Aquifer Boundary Can be defined flexibly without Used to be linked with
limitations HRUs

Connectivity Users can define individual watershed Limited spatial
objects flexibility
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Figure 2.2: A comparison between catchment delineation in SWAT and SWAT+.

We developed and applied two hydro-climatological modelling systems to perform all the
experiments in this report. The first system (hereafter, GMFD_SWAT+) couples the GMFD
climate observation dataset with the SWAT+ hydrological model and the second system
(hereafter, CORDEX_SWAT+) couples the CORDEX climate simulation dataset with the
SWAT+ hydrological model. The GMFD_SWAT+ was used for automatic calibration and
validation of SWAT+ over the river basins (see Chapter 3). After the calibration, the results of
GMFD_SWAT+ were used as the reference for evaluating CORDEX_SWAT+ over the basins
(see Chapter 4). The CORDEX_SWAT+ was used to study the influence of bias correction on
CORDEX datasets on hydrological simulation over the basins (Chapter 4) and to investigate
the impacts of climate change and land-use changes on hydrological droughts over the basins
(see Chapters 5, 6 and 7).

2.5 Summary

The chapter has provided information on the study domain (which comprises of three prominent
river basins in South Africa: VRB, LRB and WRB) and described the various datasets (i.e.
QGIS, hydrological, and climate data) analysed in the study. It has also provided a
comprehensive description of the research methods (i.e. drought indices definitions, bias-
correction techniques, hydrological modelling concepts and SWAT+ model) that cut across the
subsequent chapters. However, it does not cover research methods that are peculiar to a
particular chapter; those methods will be presented in the concerned chapter.
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Chapter 3: Calibration and validation of hydrological model
(SWAT+) over the river basins

3.1 Introduction

Before applying any hydrological model for studies over a particular basin, it is essential to
calibrate and validate the model. Model calibration is the process of estimating model
parameter values to enable a hydrological model to match observations as much as possible.
Model validation is the process of demonstrating that a given site-specific model can make
sufficiently accurate simulations (Arnold et al., 2012; Refsgaard, 1997). Validation ensures that
the set of calibrated parameters performs reasonably well under an independent dataset, i.e.
without any further adjustment at different spatial and temporal scales (Neitsch et al., 2002).
This chapter reports our calibration and validation of the SWAT+ model over the three selected
river basins.

3.2 Calibration and validation experiments

Over each basin, the SWAT+ was set up to perform two experiments (viz., calibration and
validation experiments). The details about simulation setup and time periods for the
experiments are provided in Table 3.1. Any SWAT+ simulation requires both the GIS data
(topography, soil type, LULC type) and the climate data (temperature, rainfall, humidity, solar
radiation, and wind speed). The GIS data used for the SWAT+ calibration and validation over
the VRB, LRB and WRB are shown in Figures 3.1, 3.2 and 3.3, respectively. The GMFD
dataset was used as the climate input data. Information about the GIS and GMFD datasets is
provided in Chapter 2.

Calibration of SWAT+ can be difficult or impossible over large-scale basins like our selected
basins. However, the SWAT+ has an auto-calibration tool called IPEAT+ (Integrated
Parameter Estimation and Uncertainty Analysis Tool Plus) (Yen et al., 2019) to assist in
optimising the calibration process. The IPEAT+ algorithm is very efficient in obtaining the best
values for selected model parameters in SWAT+ over a basin with any objective function (Yen
et al., 2019). For a quick convergence of the SWAT+ calibration (i.e. to obtain the best model
parameter values fast), we used IPEAT+ to run SWAT+ 300 times (i.e. to perform 300
simulations) using ten model parameters (Table 3.2) that changed within £30% of default
values. The 1-NSE (Nash-Sutcliffe model efficiency coefficient) was used as the objective
function. Although the calibration converges within the first 150 simulations over the basin, we
used 300 simulations to ensure a full convergence (Yen et al., 2019). The best values obtained
for the selected model parameters over the basins are shown in Table 3.2. These values were
used in the remaining experiments in this report. In the validation experiment, the SWAT+ was
applied to perform one simulation over the validation period. The calibration and validation
periods vary over the basins because they depend on the availability of reliable streamflow data
at the hydrological stations in the basins. The standard statistics metrics [such as Nash-Sutcliffe
model efficiency coefficient (NSE), Percentage Bias (PBIAS), Root Mean Square Error
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(RMSE), Coefficient of Correlation (R)] were employed in evaluating the simulations during
the calibration and validation periods. The results of the calibration and validation experiments

are presented and discussed for each basin in the following sections.

Table 3.1: Simulations used in the calibration and validation experiments over the selected
river basins (VRB, LRB, and WRB). The indicated simulation periods begin after a five-year
model spin-up.

Simulation domain and periods

Domain VRB (Figure. 3.1) LBR (Figure. 3.2)  WBR (Figure. 3.3)
Experiment

e Calibration 1971-1980 1988-1998 1980-1990

e Validation 1981-2000 1999-2009 1991-2005
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Figure 3.1: The characteristics of the Vaal River basin used in the study: (a) the topography of
the region (i.e. DEM), streams, streamflow observation stations (i.e. C2H007, C9HO0Q9,
C5H016 and C2H003); (b) the SWAT+ delineation of the basin to sub-basins and channels;
(c) soil types and (d) LULC types: Urban residential medium density (URMD), Dry cropland
and pasture (CRDY), Cropland/grassland mosaic (CRGR), Cropland/woodland mosaic
(CRWO), Grassland (GRAS), Shrubland (SHRB), Savanna (SAVA), Deciduous broadleaf
forest (FODB), Evergreen broadleaf forest (FOEB), Mixed Forest (FOMI), Water (WATR),
and Bare ground/sparse vegetation (BSVG). The percentage of each LULC type is indicated
in brackets.
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Figure 3.2: The characteristics of the Limpopo River basin used in the study: (a) the
topography of the region (i.e. DEM), streams, streamflow observation stations (i.e. A2H059,
A6HO029, B3H017 and B7HO015); (b) the SWAT+ delineation of the basin to sub-basins and

channels; (c) soil types and (d) LULC types: Urban residential medium density (URMD), Dry
cropland and pasture (CRDY), Cropland/grassland mosaic (CRGR), Cropland/woodland
mosaic (CRWO), Grassland (GRAS), Shrubland (SHRB), Savanna (SAVA), Deciduous
broadleaf forest (FODB), Evergreen broadleaf forest (FOEB), Mixed forest (FOMI), Water
(WATR), Bare ground/sparse vegetation (BSVG). The percentage of each LULC type is
indicated in brackets.
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Figure 3.3: The characteristics of the Western Cape River basins used in the study: (a) the
topography of the region (i.e. DEM), streams, streamflow observation stations (i.e. E2H003,
G1H013, H7HO006, and J1H019); (b) the SWAT+ delineation of the basin to sub-basins and

channels; (c) soil types and (d) LULC types: Urban residential medium density (URMD), Dry
cropland and pasture (CRDY), Cropland/grassland mosaic (CRGR), Cropland/woodland
mosaic (CRWO), Grassland (GRAS), Shrubland (SHRB), Savanna (SAVA), Deciduous
broadleaf forest (FODB), Evergreen broadleaf forest (FOEB), Mixed forest (FOMI), Water
(WATR), and Bare ground/sparse vegetation (BSVG). The percentage of each LULC type is
indicated in brackets.
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Table 3.2: Selected model parameters for the SWAT+ calibration and their associated best
values based on IPEAT+ optimisation using a range of £30% change in the default values.

Parameter Description Unit Object Best value
type
(% change in the default value)
VRB LRB WRB

CN2 SCS runoff curve unit HRU -19.3 -29.9 -6.2
number

ESCO Soil evaporation unit HRU -4.4 -29.7 -1.9
compensation factor

EPCO Plant evaporation unit HRU -29.3 -13.4 -1.4
compensation factor

SOL_AWC  Soil available water mm_H20/ SOL 16.9 -5.8 8.2
storage capacity mm

SOL_K Saturated hydraulic mm/hr SOL 1.0 5.0 124
conductivity

GW_DELAY Groundwater delay, days GW 5.2 2.24 1.6
time required for water
leaving bottom of the
root zone to reach the
shallow aquifer

FLO_MIN Water table depth for ~ mm GW -27.7 28.5 -12.9
return flow

REVAP_CO Groundwater “revap”  unit GW 28.5 9.08 12.4

coefficient

23



Parameter Description Unit Object Best value

type
(% change in the default value)
VRB LRB WRB
REVAP_MIN Threshold water depth mm GW 2.1 4.6 0.7
in shallow aquifer for
return to reach to occur
SURLAG Surface lag coefficient, days BSN 10.7 14.9 7.6
controls fraction of
water entering reach in
one day
3.6 ] (01) VLIB 1 1 1 1 1 L L 1 1 L 1 1 -
(bl) LRLB 1 1 1 1 1

Simulation
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Figure 3.4: The convergence of SWAT+ simulations during the calibration over the river
basins: (a) VRB, (b) LRB and (c) WRB.

3.3 Calibration and validation over the Vaal River basin

Figure. 3.5 presents the time series of the observed and simulated streamflows at four
hydrological stations (i.e. C3H007, C5H016, C2H003, and C9H009) in the VRB during the
calibration and evaluation periods (1971-1980 and 1981-2005, respectively). The model
simulation captures the characteristics of the observed streamflow at the four hydrological
stations during the calibration and validation periods (Figure. 3.1). It reproduces the annual
cycle of the observed streamflow, captures the timing and magnitude of most peak flows, and
replicates the interannual variability of the observed peaks. In agreement with the observation,
the simulation shows that most of the water in the Vaal River main channel comes from the
north-east mountain range. This is because the streamflow at station C9H009 (in the main
channel) has almost the same magnitude as the streamflow at station C2H003 (at the foot of the
north-east mountain range), and the magnitude of the streamflow at stations C5H016 and
C3HO007 (i.e. in the east and west tributaries, respectively) is small compared to that of the
streamflow at station C2H003 (Figure. 3.5). However, the performance of the simulation in
replicating the observed streamflow varies over the stations. During the calibration period, the
model performance is good at C9H009 (NSE = 0.5; R?=0.7; PBIAS = -6%) and C5H016 (NSE
= 0.8; R? = 0.9; PBIAS = -12%) but moderate at C3H007 (NSE = 0.1; R? = 0.5; PBIAS =
-73%) and C2H003 (NSE = 0.4; R? = 0.7; PBIAS = -21.6%). At most stations, the model
performance in the validation period is not as good as in the calibration period. For instance, at
C5HO016, the NSE decreases from 0.8 (in the calibration period) to 0.7 (in the validation period),
and at C9HO009, it decreases from 0.5 to -1.1. Nevertheless, there are cases where the model
performance in the validation period is as good as in the calibration (e.g. R? = 0.7 at C2H003
and C2H009), or even better (e.g. R? increases from 0.5 to 0.8 and PBIAS decreases from -73%
to -49% at C3H007). In general, the simulation features the best performance at C5H016 and
the worst at C3H007.
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Figure 3.5: Evaluation of SWAT+ simulated streamflow at four hydrological stations
(C3HO007, C5H016, C2H003 and C9HO009) in the Vaal River basin during the calibration and
evaluation periods. The values of the statistical evaluation metrics (i.e. NSE, PBIAS, RMSE,

and R) are indicated.

3.4 Calibration and validation over the Limpopo River basin

Figure. 3.6 compares the simulated and observed streamflows at four hydrological stations
(A2H059, A2H029, B3H017 and B7HO15; Fig. 3.2) in the LRB calibration period (1988-1998)
and validation period (1999-2009). The results show that the simulations capture the timing
and magnitude of most peak flows, and replicate the interannual variability of the observed
peaks. In most cases, the observed values are within the simulation spreads. However, there are
some cases when all the simulations underestimate or overestimate the observed peaks. The
performance of the simulation in replicating the observed streamflow varies over the stations.
During calibration, model performance is good at station A2H059 (NSE = 0.6, PBIAS =
-18.3%, RMSE = 14.5 m®s!; R =0.7) and B7H015 (NSE = 0.8, PBIAS = -2.9%, RMSE =39.8
m® s: R? = 0.9) (Figures 3.6(a) and (d)). Despite this, the model performs poorly at station
A6H029 (NSE = -12.9, PBIAS = 236.4%, RMSE = 27 m3s!, and R? = 0.6) and B3H017 (NSE

26



= 0.2, PBIAS = -80.3%, RMSE = 43.6 m® s, R?> = 0.6) (Figures 3.6(b) and (c)). The
performance of the model during the validation period is not as good as during the calibration
period at most stations. For example, at B3H017, the NSE decreases from 0.2 (during
calibration) to -0.2 (during validation), and at B7HO015, it decreases from 0.8 to -3.4.
Nonetheless, there are instances where the model output in the validation period is on par with
(e.g. R?=0.6 at A6H029) or better (e.g. PBIAS decreases from -236.4% to -14.1% and RMSE
decreases from 27 m3 s to 11.4 m3 s at AGH029) than that in the calibration period. Overall,
the simulation performs best at A2H059 and worst at B3H017 and B7H015.
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Figure 3.6: Evaluation of SWAT+ simulated streamflow at four hydrological stations
(A2H059, A6H029, B3H017 and B7HO015) in the Limpopo River basin during the calibration
and evaluation periods. The values of the statistical evaluation metrics (i.e. NSE, PBIAS,

RMSE, and R) are indicated.
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3.5 Calibration and validation over the Western Cape River basins

Figure 3.7 shows a good agreement between the simulated and observed streamflows at the
four hydrological stations (i.e. GIH013, H7H006, E2H003, and J1H019; Figure 3.3) in the
WRB during the calibration period (1980-1990). The simulated streamflow values closely track
the observed values in reproducing seasonal and annual variations of the streamflow. The
model also captures the observed peaks and their inter-annual variability. In the calibration
period (1980-1990), the simulation often envelops the observation, especially at stations
H7HO006 and E2H003. At some stations (i.e. GIH013, H7H006 and E2H003), the correlation
between the simulated and observed flows is equal to or greater than 0.5 and the NSE is also
more than 0.5. The simulation reproduces the differences in the magnitude of the streamflow
across the stations. For instance, it agrees with the observation that, among the four stations,
the streamflow is largest at H7H006 (i.e. Breede River) and G1H013 (i.e. Berg River) and
lowest at JIHO019 (i.e. Gouritz River). However, there are some notable model biases in the
simulation. The model overestimates the magnitude of the peaks in some years and
underestimates them in others. For instance, it overestimates the observed streamflow by more
than 40 m® st at H7HOO06 in 1986 and underestimates it by up to 120 m® st at H7H006 in 1983.
The model PBIAS ranges from -43.2% (at G1H013) to 72.8% (at JIHO019). In most cases, the
model performance is better (or the same) during the validation period (1991-2005) than in the
calibration period (1980-1990) (Figure 3.7). For instance, at station G1H013, the model
performance improves for NSE (from 0.4 to 0.5), PBIAS (-43.2% to -40.2%), and RMSE (from
17.5 m® st to 17.2 m3 s1). Also, at station E2H003, it improves for PBIAS (from -30.8% to
-31.2%), RMSE (14.6 m® s to 15.4 m® s%), and for R? (from 0.5 to 0.7). However, the model
improvement depends on the statistical metrics used in the performance evaluation. For
example, at station H7H006, while the model performance remains constant for NSE (from 0.5
to 0.5), it improves for R (0.5 to 0.6), for PBIAS (-25.7% to -14.3%) and RMSE (34.2 m®*s™ to
30.7 m® s1). The difference in the model performance in the two periods may be due to
differences in dominant processes or differences in the lengths of the observation data gaps in
the periods, as evident in station JIH019, where the paucity of observation data makes the
results unreliable.
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Figure 3.7: Evaluation of SWAT+ simulated streamflow at four hydrological stations
(G1HO013, H7H006, E2H003 and J1H019) in the Western Cape River catchments during the
calibration and evaluation periods. The values of the statistical evaluation metrics (i.e. NSE,

PBIAS, RMSE, and R are indicated.

3.6 Summary

This chapter has calibrated and validated the SWAT+ model over three important river basins
in South Africa. We used the GMFD dataset (described in Chapter 2) as the input climate data
into the model and used streamflow observation data from four stations in each basin to
calibrate and validate the model simulations over the basins. In general, SWAT+ gives credible
simulations over all the basins. It reproduces the annual cycle of the observed streamflow at the
hydrological stations in the VRB (i.e. C3H007, C5H016, C2HO003, and C9H009), LRB (i.e.
A2H059, A2H029, B3H017 and B7HO015), (i.e. G1H013, H7H006, E2H003, and J1H019)
during both calibration and validation periods. It also captures the timing and magnitude of
most peak flows at the stations, in addition to replicating the interannual variability of the
observed peaks. The coefficient of correlation (R) between the simulated and observed
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streamflow is more than 0.6 over most of the stations. However, there are notable biases in the
SWAT+ simulations. The biases may be attributed to several factors. They could be due to the
shortcomings in the SWAT+ model or the model setup over each river basin. SWAT+ is still
undergoing a series of testing and improvements. Lack of data to represent all the physical
features (e.g. dams and reservoirs) and the operation rules (e.g. water abstractions and transfers)
in the model setup may influence the simulation of hydrological processes. The biases could
also be due to the deficiencies in the climate input dataset (i.e. GMFD reanalysis) in capturing
the influence of complex topography on the rainfall pattern. However, the generally good
performance of the SWAT+ in reproducing the peaks and the annual cycle of the streamflow is
encouraging and shows that the model provides a reliable representation of hydrological
processes over all the basins.
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Chapter 4: Influence of bias correction of CORDEX datasets on
hydrological simulations over the river basins

4.1 Introduction

Climate simulation datasets often have systemic biases that need to be corrected before the
datasets can be used as input into hydrological models. This chapter reports on how the bias
correction of the CORDEX climate datasets influences our hydrological simulations in the three
selected basins. We employed the Quantile Delta Mapping (QDM) technique, which is one of
the most popular bias-correction methods, to correct the bias in the CORDEX climate
simulation dataset, using the GMFD climate dataset as the observed dataset. Details of the
CORDEX and GMFD datasets, as well as the QDM techniques, are presented in Chapter 2.

4.2 Bias-correction experiments

Three experiments (GFMD, CORDEX_ORG, and CORDEX_QDM) were performed with the
SWAT+ model. The simulation setups for the experiments are the same, except that the
SWAT+ model was forced with the GFMD dataset in the GMFD experiment, with the original
CORDEX dataset in the CORDEX_ORG experiment, and with the bias-corrected CORDEX
dataset in the CORDEX_QDM experiment. Based on the CORDEX seven-member ensemble,
the CORDEX_ORG and CORDEX_QDM experiment consist of seven simulations each, while
the GFMD experiment consists of a single simulation. However, all the simulations cover a
period of 30 years (1971-2000, starting after the 5-year model spin-up), and use the river basin
domains described in Chapter 3 for the VRB (Figure 3.1), the LRB (Figure 3.2), and the WRB
(Figure 3.3).

4.3 Influence of bias correction in the Vaal River basin

The results of the experiments over the VRB are presented in Figures 4.1 and 4.2. The SWAT+
simulations with CORDEX datasets (CORDEX_ORG and CORDEX_QDM) capture the
spatial distribution of hydroclimatic variables over the basin as they do with the GMFD dataset,
but the simulations with CORDEX_QDM simulation give better results than with
CORDEX_ORG (Figures. 4.1 and 4.2). For instance, while both simulations capture the east-
west gradient in the temperature (TMP) and the potential evapotranspiration (PET) fields and
the west-east gradient in the precipitation (PRE) and the evaporation over land (ET) fields, the
spatial correlation (R) between CORDEX and GMFD simulations results is higher with
CORDEX QDM (R > 0.99) than with CORDEX ORG (R >0.82), and the biases are much
lower with CORDEX_QDM (Figure 4.1). The GMFD and CORDEX_QDM results agree that
the north-eastern mountain range receives the highest rainfall (possibly due to orographic
rainfall). It is also the coolest part of the basin, while the western part that receives the lowest
rainfall is the warmest (Figs. 4.1(a) and (c)). The datasets also agree that the spatial distribution
of PET (Figures 4.1(k) and (m)) follows that of TMP (Figures 4.1(a) and (e)), while the spatial
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distribution of ET (Figures 4.1(p) and (r)) follows that of PRE (Figures 4.1(f) and (h)),
suggesting that the ET distribution over the basin is more driven by precipitation than by
atmospheric water demand (i.e. PET). Both datasets (GMFD and CORDEX_QDM) also show
that the ability of the basin to meet the atmospheric water demand (i.e. ET/PET) varies over the
basin (Figures 4.1(u) and (w)). While the basin meets more than 50% of the atmospheric water
demand over the north-east mountain range (where PET is lowest and PRE is highest), it meets
less than 10% of the demand on the south-west plain (where PET is highest, and PRE is lowest).

The agreement between GMFD and CORDEX results is better for climate variables (Figure
4.1) than for hydrological variables (Figure 4.2). For instance, while the spatial correlation
between the two systems for climate variables ranges from 0.99 to 1.00 (0.79 to 0.99) with
CORDEX_QDM (CORDEX_ORG), the spatial correlation between the systems for
hydrological variables only ranges from 0.89 to 0.92 (0.50 to 0.70) with CORDEX_QDM
(CORDEX_ORG). Also, for climate variables, the percentage bias (PBIAS) is less than 10%
(45%) with CORDEX_QDM (CORDEX_ORG) but more than 50% (100%) with
CORDEX_QDM (CORDEX_ORG). The reason for the poorer performance of the
CORDEX_SWAT+ hydroclimatic system in reproducing hydrological variables than
reproducing climate variables is because any uncertainty or error in the input climate data is
usually amplified in the hydrological simulation. This is consistent with previous studies that
have reported the amplification of climate input error in hydrological modelling (e.g.
Teutschbein et al., 2011). However, the CORDEX_ORG and CORDEX_QDM simulations still
capture the spatial distribution of the hydrological variables as happens in the GMFD results,
and the CORDEX_QDM results are still better than the CORDEX_ORG results. In both the
GMFD and the CORDEX_QDM results, the spatial distributions of soil water (Figures 5(a)
and (c)) and runoff (Figures 4.2(k) and (m)) are consistent with those of PRE and ET, in that
soil water and runoff feature their highest values over the north-east mountain range, where
PRE and ET are highest. This is because, the higher the PRE, the higher the soil water and
runoff. Also, the higher the soil water, the higher the ET (provided that ET < PET and that the
soil water is above the wilting point). However, the spatial distribution of percolation differs
from that of other fields. The percolation does not feature the maximum values over the
mountains, possibly because the steep topography over the range may not encourage the
percolation of rainwater.
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Figure 4.1: The spatial distribution of the climate variables over the VVaal River basin, as
depicted by GMFD, original CORDEX (CORDEX_ORG) and QDM bias-corrected
CORDEX (CORDEX_QDM) datasets, and the biases of the CORDEX datasets (with
reference to GMFD). The associated correlation (R), percentage bias (PBIAS) and root mean
square error (RMSE) are indicated.

The spatial distribution of the streamflow patterns is identical in the SWAT+ simulation with
GMFD and CORDEX_QDM climate forcing, except that the magnitude of the flow is higher
in the latter (Figure 4.2). While the magnitude of the river flow is less than 3000 m? s with
GMFD, it is up to 7000 m® s with CORDEX_QDM. This bias may be attributed to the
accumulation of errors in all the simulated hydroclimatic variables that contribute to the
calculation of streamflow in the SWAT+ model. However, the two simulations agree that the
runoff from the north-eastern mountain range is the main source of water in the VRB. Both
datasets also agree on the magnitude and pattern of stream evaporation (ETS). The maximum
ETS occurs in the south-west plain, where the lowest soil water and lowest ETS occur. The
maximum ETS in this area can be attributed to the maximum PET and the largest river water
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volume in the area. Unlike ETS, the capability of ETS to meet the atmospheric demand in the
area is high because of the availability of open water in the channel.
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Figure 4.2: Same as Figure 4.1, except for hydrological variables.

In general, the CORDEX simulations give a credible simulation of all the important
hydroclimatic variables over the basins and reproduce all the essential hydroclimatic processes
in the basin. The QDM bias correction of the CORDEX datasets moreover improves the quality
of the dataset. Given the added values of QDM bias correction in the CORDEX_QDM
historical simulations, only the results of the CORDEX_QDM simulations for climate change
projection and land-use change experiments will be discussed in the remaining parts of the
paper. The CORDEX_QDM historical simulation will serve as a reference for the projection.
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4.4 Influence of bias correction in the Limpopo River basin

The influence of bias correction of the CORDEX datasets over the LRB is summarised in
Figures 4.3 and 4.4. The CORDEX_ORG simulation adequately simulates the spatial
distribution of the climate variables over the basin (Figures 4.3 to 4.5). The CORDEX_ QDM
models capture the spatial pattern of temperature, which varies across the basin owing to the
topography and the basin’s proximity to the Indian Ocean. They feature the temperature
maxima (>22°C) over Mozambique and Zimbabwe (Figures 4.3(b) and (c)). The models
reproduce a PET maximum (ranging from 130 to 150 mm month™) over the north-eastern half
of the basin. They also reproduce the temperature minima (14°C) in areas of higher altitude
along the escarpment in South Africa, over the Waterberg, Steelport mountains and the northern
portion of the Drakensberg Mountain range. In agreement with the observations, the models
simulate the precipitation maxima (>60 mm month™) and ET maxima (>60 mm month™) over
the high elevation areas and over the north-eastern parts of Zimbabwe. The models replicate
the precipitation and ET minima (<20 mm month™) over the westernmost part of the basin in
Botswana and over the southernmost part of South Africa. The low precipitation over these
regions is attributable to its distance from the rain-bearing ITCZ and the southwest Indian
Ocean tropical cyclones, which bring a substantial amount of precipitation over the northern
and eastern parts of the basin. Furthermore, the low precipitation west of the basin is
aggravated by the presence of a seasonal subtropical anticyclone, which develops at about 700
hPa during summer, known as the Botswana Upper High Influence (BUHI) (Reason and Smart,
2015). The BUHI creates unfavourable conditions for precipitation by rerouting the migration
of the ITCZ away from the region. In addition, they simulate the observed zonal gradient in
PRE and in the hydroclimatic variables (SW, PERC, Runoff and WYLD), with the maxima
(>30 mm month, >0.6 mm month?, >4 m® s* and >10 mm month™, respectively) over the
high-altitude areas and the minima (<0 mm month*, <0.2 mm month*, <2 m® s and <2 mm
month™) over the western parts of the basin. The east to west decrease in precipitation has been
reported by Mosase et al. (2019). The models also reproduce the stream ET maxima (2193.8
mm month™) over the Lower Limpopo found east of the LRB and the stream ET minima
(0.4 mm montht) further west of the basin (Figures 4.5(c) and (h)). The models also simulate
streamflow (up to 17573.2 m® s'1) across the basin (Figure 4.5(0)).

Nevertheless, there are notable biases in the CORDEX_ORG ensemble mean climate variables
(Figures 4.4(d), (f), (n), and (s)). The cold and wet bias identified in Figure 4.1 is evident across
various regions of the basin (Figures 4.4(d) and (f)). The cold bias featured in the ensemble
mean is noticeably weaker (0-1°C) over the northern half of the basin and stronger (1.5-2°C)
over the southern half, more especially over the high-altitude areas along the escarpment
(Figure 4.3(d)). The cold bias contributes to the underestimation of PET (about 20 mm
month™) across the basin (Figure 4.3(n)). The PET bias is particularly strong over the north-
eastern part of the basin as well as along the escarpment. The wet bias simulated by the
CORDEX_ORG models is substantial over Zimbabwe and northern South Africa, which
suggests that the models simulate stronger ITCZ convergence. Additionally, the models also
simulate patches of a dry bias (about 12 mm month™) over the high-altitude regions. This
suggests that the resolution of the models may be too low for capturing the influence of the
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orographic effect on temperature and precipitation over Limpopo (Kalognomou et al., 2013).
Furthermore, the dry bias influences the underestimation of ET (up to 12 mm month™) over the
high-altitude region (Figure 4.3(s)). The errors in the precipitation and ET fields produce a bias
in the distribution of the hydroclimatic variables ranging from soil water (-10 mm month®),
PERC (-0.4 mm month™), Runoff (-2 m® s1) and WYLD (-2 mm month™) over northern South
Africa to soil water (80 mm month™), PERC (2 mm month™), Runoff (10 m3 s') and WYLD
(10 mm month) over the high elevation regions in the basin (Figures 4.4(d), (f), (n) and (s)).
The negative bias in the hydroclimatic variables is due to the underestimation of precipitation,
while the positive bias in SW, PERC, runoff, and water yield is caused by the underestimation
of PET. Following a similar spatial pattern to the PRE distribution, the models simulate a wet
bias (578.8 mm month™) over the channels, predominantly over the Lower Limpopo in
Mozambique and northern South Africa (Figure 4.4(d)). The ET is underestimated across the
entire basin (up to -299.6 mm month™); however, the negative ET bias is stronger over the areas
with a wet bias, as more water is available for evaporation in those channels (Figure 4.4(i)).
The streamflow is mostly influenced by precipitation and ET. Consequently, there is a positive
streamflow bias (about 14049.2 m® s) over the eastern half of the basin, which is strongest
over the Lower Limpopo (Figure 4.4(n)).

The bias-correction method QDM nearly eliminates the above-mentioned biases (Figures 4.3
and 4.4). All the climate features are better represented in the bias-corrected datasets than in
the CORDEX_ORG. The bias-corrected CORDEX_QDM models improve the cold and wet
bias across the basin by >1.5°C and >10 mm month™ and the dry bias over the high elevation
areas by >10 mm month as well (Figures 4.3(e) and (j)). A reduction of the cold bias error led
to the correction of the negative PET bias by >18 mm month* across the basin (Figure 4.3(0)).
The negative bias in ET over the regions with high topography is reduced by about 12 mm
month, while the positive ET bias across the basin is reduced by >12 mm month? (Figure
4.3(t)). The correction of the precipitation and ET biases correct the negative (positive) bias of
soil water by 20 mm month? (>70 mm month™), PERC by 0.2 mm month? (>1.8 mm
month), and both Runoff and WYLD by 2 m s (8 mm month™) (Figures 4.4(e), (j), (0) and
(t)). The negative ET bias is reduced by 150 mm month™ over the lower Limpopo (Figures
4.4(e) and (j)). This results in a better representation of streamflow over the region, as the
positive bias improves by >7024.6 m® s (Figure 4.4(0)).
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Figure 4.3: The spatial distribution of the climate variables over the Limpopo River basin, as
depicted by GMFD, original CORDEX (CORDEX_ORG) and QDM bias-corrected
CORDEX (CORDEX_QDM) datasets, and the biases of the CORDEX datasets (with
reference to GMFD). The associated correlation (R), percentage bias (PBIAS) and root mean
square error (RMSE) are indicated.
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Figure 4.4: Same as Figure 4.3, except for hydrological variables.

4.5 Influence of bias correction in the Western Cape River basins

Figures 4.5 and 4.6 show the influence of the bias correction over the WRB. The
CORDEX_ORG simulation captures the spatial distribution of climate variables across the
Western Cape, but with some notable biases. The QDM bias correction reduces the biases
(PBIAS) and improves the correlation (R) between the CORDEX_ORG and GMFD results.
For example, the bias correction reduces PBIAS TMP from -13% to -0.6% and increases the R
from 0.87 to 1.0. Although it does not improve the PRE PBIAS, it increases the R from 0.75 to
1.0. However, the corrected dataset (i.e. CORDEX_QDM) generally improves on the original
dataset (CORDEX_ORG) and reproduces the spatial distribution of climate variables better. In
agreement with GMFD, CORDEX_QDM simulates the highest TMP over the north-western
part of the basin and the lowest temperature over the mountain range at the centre of the study
domain. It also captures the location of the maximum precipitation on the south-western side
of the mountain. Both datasets (GMFD and CORDEX_QDM) agree on the difference in the
spatial distribution of PET and ET over the region. While PET increases from south to north,
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ET increases from north to south, suggesting the spatial distribution of evaporation of the basin
is more driven by water availability (through precipitation) rather than by atmospheric demand
(PET). However, in both datasets, the capability of the Western Cape catchments in meeting
the atmospheric demand (i.e. ET/PET) decreases from south-west to north-east in accordance
with PRE distribution. Generally, the capability of catchments to meet the atmospheric water
demand is higher over the Berg and Breede than over the Olifants and Gouritz rivers.

The bias correction of the CORDEX dataset also improves the hydrological simulations over
the catchments, but the performance of CORDEX_QDM is lower for hydrological variables
(i.e. 29% < PBIAS < 116%) than for climate variables (-6% < PBIAS < -0.6%) (Figure 4.6).
However, with reference to the GMFD results, the CORDEX_QDM still captures the spatial
distribution of hydrological variables across Western Cape well. For instance, in both datasets,
the spatial distributions of soil water, PERC, and runoff follow that of PRE. In contrast to
CORDEX_ORG, CORDEX_QDM agrees with GFMD that the Breede catchment features the
highest streamflow, while the Gouritz River has the lowest. Nevertheless, in both datasets, the
ET is higher over the Gouritz than over the Breede. This is because PET is higher over the
former than the latter and, as long as there is water in a river, the ET over the river is not limited
by a lack of precipitation or by low soil water.
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Figure 4.5: The spatial distribution of the climate variables over the Western Cape River
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Figure 4.6: Same as Figure 4.5, except for hydrological variables.

4.6 Summary

This chapter has investigated how the bias correction of the climate dataset used in SWAT+
hydrological modelling can influence the quality of the hydrological modelling over the
selected river basin. For the investigation, we coupled the calibrated SWAT+ model to the
GMFD, original CORDEX and bias-corrected CORDEX datasets in simulating the
hydrological variables over the three river basins. The results of the SWAT+ simulation with
the GMFD dataset were used to evaluate the results of the simulations with the CORDEX
datasets (both original and bias-corrected). The hydrological simulations with the original
datasets give credible simulations over all the basins, but there were notable biases in all the
hydrological variables. Simulations with bias correction reduced the magnitude of these biases
(by more than 50%) and improved the correlation between the GFMD and CORDEX
simulations. This result stresses the importance of performing bias correction of climate
datasets before using them as input into SWAT+ hydrological modelling. Nevertheless, before
doing a bias correction of any climate dataset over a basin, it is essential to ensure that the
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dataset gives realistic simulations of climate variables over the basin and that it captures all the
important climate processes over the basin. It is important to emphasise that bias correction
cannot compensate for the inability of a climate dataset to capture all the essential large-scale
atmospheric processes over a basin.
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Chapter 5: Using land-use change to mitigate future impacts of
climate change on hydrological droughts in the Vaal River basin

5.1 Introduction

Although the VRB is the heartbeat of many socio-economic activities in South Africa, the
streamflow in the basin is highly erratic due to high rainfall variability and excessive
evaporation, which often induce hydrological droughts in this basin. So, while the Vaal River
is the most developed and most regulated river in South Africa, hydrological drought poses a
big challenge to water resource management in the basin. Previous studies have shown how
climate change could enhance the severity of hydrological droughts in the future (Abiodun et
al., 2019; Akanbi et al., 2021; Jury, 2016; Otieno et al., 2009). For example, Akanbi et al.
(2021) projected a temperature increase of about 5°C, a precipitation decrease of 30%, and a
streamflow reduction of 10% over the basin in the periods 2011-2040, 2014-2070, and
2071-2100 under the Representative Concentration Pathway 8.5 (RCP8.5) future climate
scenario. Several studies have documented how LULC changes can influence the hydrological
cycles and water yield in a basin, but there is a dearth of information on the extent to which
LULC changes can influence climate change impacts on hydrological droughts in the VRB.
Such information will thus be valuable in formulating appropriate LULC policies towards
mitigating the impacts of climate change on hydrological droughts in the future. This chapter
thus reports on our study in this regard.

5.2 Land-use change experiments

Five experiments (CtrLand, GrLand, CrLand, CrGrLand and BrLand) were performed with
SWAT+ to investigate the impacts of climate change and idealised LULC in the VRB
(Table 5.1). The model setup in all the experiments is as presented in Chapter 3 (Figure 3.1),
except for the LULC pattern. While the model used the present-day LULC pattern (Figure
5.1(a)) in the Control experiment, it used the idealised LULC pattern in the other four
experiments. In the idealised LULC pattern, the targeted LULC type was used to replace the
default LULC type in some areas (Table 5.1 and Figure 5.1). In all the experiments, the SWAT+
model was forced with the bias-corrected CORDEX datasets (CORDEX_QDM) to simulate
the hydrological condition in the basin for the period 1971-2090, after a five-year model spin-
up. Each experiment consisted of simulations based on the CORDEX_QDM seven-member
ensemble. To obtain the impacts of climate change at a given GWL in the Control experiments,
the simulations of the present-day climate period (1971-2000) are subtracted from those of the
GWL climate period. The GWL periods of the simulations are the same as the GWL periods of
the CORDEX dataset (described in Table 3.1) used in generating the simulation. To obtain the
impacts of LULC change in an experiment, the simulations of the experiment are subtracted
from the corresponding simulations in the Control experiment at the same GWL.
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Table 5.1: Summary of LULC change experiments in the Vaal River basin.

Experiments Description LULC pattern

CtrLand e Control LULC, which is SWAT+ default land use. Figure 5.1(a)

GrLand e Expansion of grassland expansion (i.e. grass Figure 5.1(b)
invasion).

e GRAS replaces CRDY, CRWO, and CRGR.
e GRAS occupies 92.3% of the basin.

CrLand e Extensive cropping. Figure 5.1(c)
CRDY replaces CRWO, GRAS, and CRGR
CRDY covers 92.3% of the basin.

CrGrLand e Cropland/grassland expansion. Figure 5.1(d)
CRGR replaces CRDY, CRWO, and GRAS.
CRGR covers 92.3% of the basin.

BrLand e Extensive vegetation removal. Figure 5.1(e)

BSVG replaces GRAS, CRDY, CRWO and CRGR
BSVG covers 92.6% of the basin.
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Figure 5.1: The LULC patterns used in the LULC change experiments for the Vaal River
basin: (a) CtrLand, (b) GrLand, (c) CrLand, (d) CrGrLand and (e) BrLand. The experiments
are described in Table 5.1. The LULC types are: Bare ground/sparse vegetation (BSVG),
Water (WATR), Evergreen broadleaf forest (FOEB), Deciduous broadleaf forest (FODB),
Savanna (SAVA), Shrubland (SHRB), Grassland (GRAS), Cropland/woodland mosaic
(CRWO), Cropland/grassland mosaic (CRGR), Dry cropland and pasture (CRDY), Urban
residential medium density (URMD). The percentage of each LULC type is indicated in
brackets.
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5.3 Impacts of climate change

The temporal variations of temperature and precipitation projections over the VRB differ
(Figures 5.2(a) and (b)). A temperature increase (about 6.0°C by 2099) is projected over the
basin, but there is no discernible trend in the precipitation projection. The PET and ET
projections respond differently to warming. The positive trend in the PET projection (about
40 mm month™ by 2099) is consistent with that of the temperature projection, while the
variation of the AET projection is consistent with that of the precipitation projection. This
indicates that, while PET is solely driven by temperature, ET (which depends on various
atmospheric and land variables) is more driven by PRE than by PET. Owing to the lack of
trends in the PRE and ET projections, no substantial trend is projected for the surface water
balance (PRE - ET) in the basin (Figure 5.2(f)), but the capability of the basin to meet the
atmospheric water demand (ET/PET) decreases because of higher moisture demand from the
atmosphere (increased PET). However, the similarity between the temporal variability of soil
water and ET/PET suggests that, despite the lack of discernible trends in the ET projection over
the basin, the increase in PET may deplete the soil water and drive it to the wilting point. This
could stress the vegetation and reduce crop production in the basin. It could also expose the soil
to wind erosion and degrade the soil. However, in agreement with the precipitation projection,
no discernible trend is projected for other hydrological variables (i.e. runoff, percolation, and
river discharge). Hence, while the impacts of climate change produce a trend in soil water
projection in the basin, they produce no discernible trends in other hydrological variables
because of the lack of a trend in the precipitation projections.
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Figure 5.2: Temporal variations of the changes in hydroclimatic variables over the Vaal River
basin in the period 1971-2099 under the RCP8.5 climate scenario. The changes are calculated
with reference to the present-day climate (1971-2000). The solid lines represent the multi-
model ensemble mean of selected climate models, and the spreads represent the range of
selected climate models.

The spatial distribution of the projection at various GWLs (i.e. GWL1.5, GWL2.0, GWL2.5,
and GWL3.0) is presented in Figures 5.3 to 5.6. At each GWL, the spatial distribution of
precipitation and temperature changes over the basin also differ (Figure 5.3). While the
projected temperature increase is uniform over the basin, the precipitation changes vary in sign
and magnitude. The precipitation pattern also varies across the GWLs. For example, at
GWL1.5, an increase in precipitation (>2 mm month™) is projected over the north-eastern
mountain range, but at GWL3.0, the increase is replaced with a decrease (-3 mm month™).
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Also, the projected precipitation decrease (<-2 mm month™) over the north-western part at
GWLL1.5 is replaced with a precipitation increase (>2 mm month™*) at GWL3.0. However, a
decreased precipitation is indicated over the south-eastern mountain range at all the GWLs
(Figures 7(e)-(h)). Unlike in the temporal variation, the spatial distribution of PET changes
differs from that of temperature, and the spatial variation of ET changes also differs from that
of precipitation. While an increase in PET is projected over the whole basin (Figures 5.3(i)-(l)),
the magnitude of the increase is higher over the western half of the basin. At all GWLs, an
increase in ET is projected over the north-eastern mountain range, while a decrease is indicated
over the south-eastern mountain range and at the centre of the basin. The decrease in ET over
the south-east can be attributed to the decrease in precipitation over the area. Nevertheless,
despite the projected decrease in precipitation over the north-eastern mountain range, an
increase in ET is projected over the north-eastern mountain range at the expense of soil water
(Figures 5.3 and 5.4). While ET/PET decreases across the entire basin, the largest decrease is
projected over the northern part of the basin and along the south-eastern mountain range, where
a decreased ET is projected (Figure 5.3). At GWL3.0, runoff and soil water are also projected
to decrease over most parts of the basin, but with the maximum decrease occurring over the
north-eastern mountain range, where the largest decrease in PRE and the highest increase in
ET are simulated, Hence, at GWL3.0, the hydrological impacts of climate change (i.e. on soil
moisture, and runoff) are projected to be most severe over the north-eastern part of the basin,
where the maximum decrease in PRE and the maximum increase in ET are indicated.
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Figure 5.3: Spatial distribution of the projected changes in temperature (°C), precipitation
(mm month™), potential evapotranspiration (PET, mm month™) and evapotranspiration (ET,
mm month™) over the Vaal River basin at different global warming levels (GWL1.5,
GWL2.0, GWL2.5, and GWL3.0). The vertical strip (]) indicates where at least 80% of the
simulations agree on the sign of the changes, while the horizontal strip (—) indicates where at
least 80% of the simulations agree that the projected change is statistically significant (at 99%
confidence level). The cross (+) shows where both conditions are satisfied, hence the change
is robust.

In contrast to the ET projection, an increase in stream evaporation (ETS) is projected over all
the river channels, but with the maximum increase (>65 m?® s) occurring along the main river
channel (Figure 5.5). The difference between the ET and ETS projections can be attributed to
the availability of more water for evaporation in the channels than in the soil. As both variables
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increase in response to the enhanced atmospheric water demand (PET) over the basin, the
increase in ET stops, when the soil reaches its wilting point (due to decreased precipitation),
while the increase in stream ETS continues (due to availability of water in the river channels).
However, the increase in ETS occurs at the expense of streamflow. Figures 5.5(i) to 5.5(1) show
that, despite the increase in precipitation over some parts of the basin, a decrease in streamflow
(up to 85 m® sty is projected over the main channels. This decrease can be attributed to two
things: Firstly, the substantial decrease in runoff over the north-eastern mountain range
(following the decreased precipitation and increased ET over the mountain range) will decrease
the streamflow in the main channel because the north-eastern mountain range is the major
source of the water in the main channel. Secondly, the increase in ETS (following the increase
in PET over the entire basin) would also reduce the water availability in the basin. However,
the decrease in streamflow in the river channels has a huge implication for water availability in

the Vaal dam and for various socio-economic activities that depend on water from the VRB.
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Figure 5.4: Same as Figure 5.3, except for ET/PET (%), soil water (mm month™), surface
runoff (Runoff, m® s') and percolation (mm month™).
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Figure 5.5: Same as Figure 5.3, but for channel variables: precipitation (mm month), stream
ET (mm month™), and streamflow (m* s™).

5.4 Impacts of LULC changes

The impacts of the LULC changes (i.e. GrLand, CrLand, CrGrLand, and BrLand) on the
hydrological projections can be explained through the influence of the LULC changes on the
curve number (CN) (Figure 5.6). With GrLand, CN decreases over the north-eastern part of the
basin (Figure 5.6 (a)), where GRAS replaces CRWO and CRDY (Figure 5.1). With the increase
in CN, more rainwater is retained in the soil but at the expense of runoff that feeds the Vaal
River. The increase in soil water makes more water available for evaporation over the area.
Hence, with GrLand, both soil water and ET increase (by up to 2 mm month™ and 0.5 mm
month™, respectively) over the north-eastern mountain range, while runoff decreases (by up to
0.5 mm month™). The decrease in runoff in turn decreases streamflow (by up to 434 m3s?) in
the main river channel. With other LULC changes (i.e. CrGrLand and BrLand), CN increases
over the south-western half of the basin, but the highest increase (>10) occurs with BrLand,
while the lowest increase (<8) occurs with CrGrLand. The increase in CN converts more of the
rainwater to runoff and retains less in the soil. So, with these LULC changes, the soil water
decreases by more than 2 mm month™. The decrease occupies the largest area in the BrLand
experiment and the smallest area in the CrGrLand experiment. The decrease in soil water results
in a decrease in ET (by up to 0.1 mm monthin CrGrLand and 0.8 mm monthin BrLand). In
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contrast to soil water, the runoff increases (by up to 0.5 mm month™) over most parts of the
basin, leading to an increase in the streamflow along the main river channel. However, while
the increase in the streamflow at the river discharge is less than 9 m3 s in the CrGrLand
experiment, it is more than 860 m3 s in the BrLand experiment. These results are consistent
with previous studies, which showed that an increase in vegetation cover (GrLand) lowers
water yield due to a higher rate of evapotranspiration and water infiltration, while a decrease in
vegetation (BrLand) enhances water yield because of the hard impermeable surface of barren
land (Koneti et al., 2018; Li et al., 2018; Setyorini et al., 2017).
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Figure 5.6: Impacts of LULC changes on hydrological variables over the Vaal River basin:
CN (unitless), soil water (mm month™?), surface runoff (Runoff, m® s) and streamflow (m®
s1). The vertical strip (|) indicates where at least 80% of the simulations agree on the sign of
the changes, while the horizontal strip (—) indicates where at least 80% of the simulations
agree that the projected change is statistically significant (at 99% confidence level). The cross
(+) shows where both conditions are satisfied, hence the change is robust.
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5.5 A comparison of impacts of climate and LULC changes

Since the main goal of the study is to investigate the extent to which the LULC changes can be
used to mitigate climate change impacts in the VRB, this section compares the direction and
magnitude of LULC change impacts with those of climate change, by focusing on the mean
hydrological variables and drought characteristics (i.e. intensity and frequency) (Figure 5.7 and
5.8). In general, the uncertainty in the simulated impacts (i.e. simulation ensemble spread) is
larger for climate change than for LULC changes (Figure 5.7 and 5.8), so the median of the
simulation ensemble will be used for the comparison.

The comparison shows that, in some cases, the LULC changes reduce the climate change
impacts, but in other cases, they enhance the impacts (Figure 5.7). However, for some variables,
the LULC change impacts are negligible (i.e. the magnitude is very small compared to that of
climate change impacts), while for some variables, they are substantial (i.e. the magnitude is
comparable to that of climate change impacts). For example, at GWL3.0 (Figure 5.7 (d)), the
impacts of all LULC changes (i.e. GrLand, CrLand, CrGrLand, and BrLand) on ET and
ET/PET are negligible (i.e. <1%). Although GrLand increases the soil water by about 1%, while
other LULC changes decrease it by up to 2%, these changes are small, compared to a decrease
of 12% from climate change. In short, for all the variables, the impact of GrLand is less than
10% of the climate change. The reason for the small impacts of GrLand on hydrological
variables in the VRB may be due to the small areas over which the grass replaces other land-
use types in GrLand. The VRB is already dominated by grassland (which already occupies
about 55% of the basin) and in GrLand, only about 30% of the basin (occupied by CRDY and
CRGR) changes to grass. Another reason could be that GrLand keeps the water in the soil,
where evapotranspiration can still deplete the soil water. However, these results indicate that
GrLand may not be efficient in mitigating the hydrological impacts of climate change in the
basin.

Other LULC changes produce substantial impacts on hydrological variables (i.e. runoff,
percolation, water yield, and streamflow). However, while they reduce climate change impacts
on runoff, water yield, and streamflow, they enhance climate change impacts on percolation.
For example, at GWL3.0 (Figure 5.7(d)), CrLand and BrLand produce about a 15% increase in
runoff, water yield, and streamflow that could completely offset the less than 15% decrease in
these variables due to climate change. Nevertheless, these LULC changes would decrease
percolation by about 15%, in addition to the 13% decrease produced by climate change, making
a net decrease of 28% in percolation in the future at GWL3.0. This may have a huge implication
for underground water storage in the basin. Also, the BrLand change overcompensates for
climate change impacts on runoff by more than 2%. This can enhance peak flow, soil erosion,
and land degradation in the basin.

In agreement with Abiodun et al. (2019), Figure 5.7 shows that the impacts of climate change
on the frequency of meteorological droughts are higher for SPEI drought than for SPI droughts.
As anticipated, the projected changes in the hydrological droughts (SWI, PERCI, RFI, WYLDI,
and DI) fall within that of SPI and SPEI. This implies that the projected increase in the
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frequency of hydrological droughts is more than that of SPI drought but less than that of SPEI
drought. However, at GWL3.0, the projected hydroclimatic impacts of climate change are most
severe on soil drought frequency (with an increase of more than 38 months decade™) and least
pronounced with regard to percolation drought frequency (where an increase of less than
30 months decade™ is indicated). GrLand only reduces the frequency of soil and percolation
droughts by 1 month decade™ but increases the frequency of runoff, water yield, and streamflow
droughts by up to 5 months decade™. Compared to climate change impacts (an increase of
30-38 months decade™), while a decrease of 1 month decade™ (<3%) is negligible, the increase
of 5 months decade™ (>13%) is substantial. Other LULC changes (CrGrLand, CrLand and
BrLand) increase the frequency of soil and percolation droughts by 1 month decade™* but reduce
that of runoff, water yield, and streamflow droughts by 5-60 months decade. Among the three
LULC changes, BrLand features the lowest impacts on the drought frequency, while CrGrLand
shows the largest impacts.
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Figure 5.7: A comparison of the impacts of climate change (CChange) and LULC change
(FrLand, GrLand, CrLand, and CrGrLand) on hydrological variables: ET, ET/PET, soil water
(SW), percolation (PERC), Runoff, water yield (WYLD), and streamflow (SFlow) over the
Vaal River basin at different global warming levels (GWL1.5, GWL2.0, GWL2.5 and
GWL3.0). The present-day climatological value for each variable is indicated in brackets.
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Changes in drought frequency (months/decade)
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Figure 5.8: A comparison of the impacts of climate change (CChange) and LULC change
(FrLand, GrLand, CrLand, and CrGrLand) on the frequency of droughts (SPEI, SPI, SWI,
PERCI, RFI, WYLDI and SFI) over the Vaal River basin at different global warming levels
(GWL1.5, GWL2.0, GWL2.5 and GWL3.0). The present-day climatological value for each
variable is indicated in brackets.

5.6 Summary

This chapter has examined the extent to which LULC changes can be applied in reducing
climate change impacts on the VRB (South Africa) with a focus on hydrological droughts. For
the study, the SWAT+ model calibrated in Chapter 3 was coupled with the bias-corrected
CORDEX datasets to conduct a series of hydrological simulations over the basin. The climate
change impacts on the hydroclimatic variables and the drought frequency are projected at four
GW.Ls, and the extent to which four land cover scenarios (i.e. expansion of grassland, cropland,
cropland/grassland mosaic, and barren land) can influence the projections are quantified. The
future climate projections over the basin show an increasing trend in temperature and potential
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evaporation, with no trend in precipitation and hydrological variables. However, the spatial
distribution of the projections shows a uniform increase in temperature across the basin, with a
decrease in precipitation, soil water, percolation, surface runoff and streamflow over most parts
of the basin. The model simulations reveal that the expansion of grassland reduces the climate
change impacts on soil water, percolation, and the associated drought frequency, but the
magnitude of the reduction is negligible compared to the climate change impacts. Conversely,
it enhances the climate change impacts on runoff, water yield, streamflow, and the associated
drought frequency. In contrast, the expansion of other LULC changes mitigates the climate
change impacts on runoff, water yield, streamflow, and the associated drought frequency, but
it enhances the impacts of climate change on soil water, percolation, and the drought frequency
both variables. The results of the study have application in the development of mitigation and
adaptation strategies or policies to address the impacts of climate change in river basins,
particularly in South Africa.
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Chapter 6: Using land-use change to mitigate future impacts of
climate change on hydrological droughts in the Limpopo River
basin

6.1 Introduction

The LRB is one of the most economically important river basins in Southern Africa because it
supports the socio-economic activities in the four neighbouring riparian countries (i.e.
Botswana, Mozambique, South Africa, and Zimbabwe) and contributes to the economy of the
entire SADC region by supporting a wide range of socio-economic activities. However, as
hydrological drought poses a big threat to resources in the riparian countries of the LRB, there
is a need to understand the future characteristics of hydrological droughts in the basin. This
chapter thus projects the impacts of climate change on meteorological and hydrological
droughts over the basin and examines how land-use changes could influence such hydrological
drought projections.

6.2 Land-use change experiments

We performed five experiments (CtrLand, FrLand, GrLand, CrLand, and CrGrLand) to project
the impact of climate change on basin hydrology, and to investigate how idealised
LULC changes could influence these projections (Table 6.1). All the experiments used the
same model setup as described in Chapter 3 (Figure 3.1) but with different LULC patterns. The
Control experiment used the present-day LULC pattern (Figure 5.1(a)), while other
experiments used the idealised LULC pattern described in Table 6.1 and shown in Figure 6.1.
In FrLand, forest (FOEB) invades savanna (SAVA) areas, leading to a shift in tree-grass
dynamics of vegetation. This scenario of land-use change is chosen after consideration of a
general trend towards more tree-dominated ecosystems in the Limpopo Province, particularly
in open grassland and savanna areas (Scheiter et al., 2018). In GrLand, grass replaces cropland
areas (CRDY and CRGR), depicting a restoration of grassland scenario. In CrLand, which
represents the expansion of agriculture scenario, crop (CRDY) replaces semi-natural vegetation
(GRAS, CRGR and CRWO). This scenario is warranted, since the Limpopo province is one of
South Africa’s prime agricultural regions with respect to the production of livestock, fruits,
vegetables, cereals, and tea. In CrGrLand, the mixture of cropland and grassland (CRGR)
replaces semi-natural vegetation (GRAS, CRDY and CRWO), indicating a scenario where
cropland and grassland exist in an equilibrium “mosaic” (Table 6.1).

However, in all the experiments, the SWAT+ simulations were forced with the bias-corrected
CORDEX datasets (CORDEX_QDM) over the period 1971-2090, after a five-year model spin-
up. Each experiment consists of simulations based on the CORDEX_ QDM seven-member
ensemble. To obtain the impacts of climate change at a given GWL in the Control experiments,
the simulations of the present-day climate period (1971-2000) are subtracted from those of the
GWL climate period. The GWL periods of the simulations are the same as the GWL periods of

58



the CORDEX dataset (described in Table 3.1), which were used in producing the simulation.
To obtain the impacts of LULC change in an experiment, the simulations of the experiment are
subtracted from the corresponding simulations in the Control experiment at the same GWL.

Table 6.1: Summary of LULC change experiments in the Limpopo River basin.

Experiments  Description LULC pattern
CtrLand e Control LULC, which is SWAT+ default land use.  Figure 6.1(a)
FrLand e Increase in evergreen broadleaf forest (i.e. shiftin ~ Figure 6.1(b)

the tree-grass dynamics of SAVA).
e FOEB occupies 46.35% of the basin.

GrLand e Expansion of grassland expansion (i.e. grass Figure 6.1(c)
invasion).
GRAS replaces CRDY, CRWO, and CRGR.
GRAS occupies 81.27% of the basin.

CrLand e Extensive cropping. Figure 6.1(d)
CRDY replaces CRWO, GRAS, and CRGR.
e CRDY covers 81.27% of the basin.

CrGrLand e Cropland/grassland expansion. Figure 6.1(e)
CRGR replaces CRDY, CRWO, and GRAS.
CRGR covers 81.27% of the basin.
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(a) CtrLand

Il urmO (0.15%)
CRDY (23.95%)
I CRGR (27.53%)
B crwo (0.42%)
GRAS (29.36%)
B sHRe (0.59%)
B sAvA (15.98%)
[ FODB (0.32%)
1. FoEB (1.02%)
B Fomi (0.00%)
W WATR (0.42%)
BSVG (0.27%)
(b) FrLand (c) GrLand
Il URMD (0.15%) % W URMD (0.15%)
| CRDY (23.95%) CRDY (0.00%)
[ CRGR (27.53%) [ CRGR (0.00%)
I CRWO (0.42%) B CRWO (0.00%)
GRAS (0.00%) GRAS (81.27%)
[ SHRB (0.59%) [l SHRB (0.59%)
[ SAVA (0.00%) I SAVA (15.97%)
[ FODB (0.32%) | FODB (0.32%)
I FOEB (46.35%) I FOEB (1.02%)
% I FOMI (0.00%) B FOMI (0.00%)
W WATR (0.42%) ¥ I WATR (0.42%)
BSVG (0.27%) BSVG (0.27%)
(e) CrGrLand
Il URMD (0.15%) B URMD (0.15%)
__ CRDY (81.27%) . CRDY (0.00%)
I CRGR (0.00%) Il CRGR (81.27%)
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M SHRB (0.59%) M SHRB (0.59%)
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BSVG (0.27%) _ BSVG (0.27%)

Figure 6.1: The LULC patterns used in the LULC change experiments for the Limpopo River
basin: (a) CtrLand, (b) FrLand (c) GrLand (d) CrLand and (e) CrGrLand. The land-use types
are urban residential medium density (URMD), cropland/dryland and pasture (CRDY),
cropland/grassland mosaic (CRGR), cropland/woodland mosaic (CRWO), grassland (GRAS),
shrubland (SHRB), savanna (SAVA), forest — deciduous broadleaf (FODB), forest —
evergreen broadleaf (FOEB), forest — mixed (FOMI), water (WATR), and Bare ground/sparse
vegetation (BSVG). The percentage of each LULC type is indicated in brackets.
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6.3 Impacts of climate change

The time series of the projected changes in the hydroclimatic variables over the basin for the
period 1951-2099 are presented in Figure 6.2. The models project an increase in temperature
over the period, with the increase reaching about 5°C in 2099. This temperature increase is
higher than global warming (about 4.2°C by 2100) at the same scenario (Intergovernmental
Panel on Climate Change (IPCC), 2013), meaning that the warming rate over the LRB may be
higher than the global average. The projected increase in temperature agrees with the results
obtained by Aich et al. (2014), Engelbrecht et al. (2015), James and Washington (2013), and
Madre et al. (2018) over the basin. The spatial distribution of the temperature projection
(Figure 6.2) shows that the warming is uniform over the basin, and that the magnitude of the
warming increases with the increasing GWLs.
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Figure 6.2: Temporal variation of the changes in hydroclimatic variables over the Limpopo
River basin in the period 1971-2099 under the RCP8.5 climate scenario. The changes are
calculated with reference to the present-day climate (1971-2000). The solid lines represent the
multi-model ensemble mean of selected climate models, and the spreads represent the range
of selected climate models.
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Figure 6.3: Spatial distribution of the projected changes in temperature (°C), precipitation
(mm month™), potential evapotranspiration (PET, mm month™) and evapotranspiration (ET,
mm month) over the Limpopo River basin at different global warming levels (GWL1.5,
GWL2.0, GWL2.5, and GWL3.0). The vertical strip (|) indicates where at least 80% of the
simulations agree on the sign of the changes, while the horizontal strip (—) indicates where at
least 80% of the simulations agree that the projected change is statistically significant (at 99%
confidence level). The cross (+) shows where both conditions are satisfied, hence the change
IS robust.

There is no discernible trend in the projection of precipitation over the LRB, as there is no

indication of a future increase or decrease in the magnitude of rainfall variability over the basin

(Figure 6.2). This suggests a long-term consistency in the amount of rainfall water in the basin.

However, there is an indication of an incremental increase in the frequency of extreme wetness

and dryness, as depicted by the model ensemble from 2030. Nonetheless, the spatial variation

of the rainfall projection at GWL1.5 indicates that most parts of the basin (especially, the
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eastern part) may experience a decrease in rainfall (>6 mm month™), while the southern parts
may experience an increase (up to 2 mm month). Despite this, the area with decreasing rainfall
expands with the increasing GWLs. Several studies found similar results (Aich et al., 2014;
Maure et al., 2018; Zhu and Ringler, 2012) of a decline in precipitation over the LRB. This is
likely to have negative impacts on agriculture and water resources. This drying condition is not
seen in the projections of Singh et al. (2014), which indicate a wetter future northeast of the
basin. This discrepancy may be a result of the sensitivity to the variability of rainfall of the
downscaling method used in their study.
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Figure 6.4: Same as Figure 6.2, except for ET/PET (%), soil water (mm month™), surface
runoff (Runoff; m® s') and percolation (mm month™).

The SWAT+ projection shows a gradual increase in PET following the increasing temperature
trend evident in Figure 6.1. The spatial distribution of the increase not only grows with
increasing GWLs, but also shows that the magnitude of the increase is lower in the eastern part
of the basin than in the rest of the entire basin. A similar pattern of increasing temperature, and
consequently PET was found by Singh et al. (2014) over the Olifants River basin using

63



downscaled GCMs. The ET projection follows that of rainfall, showing no discernible trend.
Even so, the spatial variation of the projection reveals an increase in ET further south of the
basin and a decrease (about 6 mm month™) over the rest of the basin. From Figure 6.2, it is
evident that there is better agreement between ET and rainfall projections than between ET and
PET projections. This may be because, over land, ET depends on the availability of moisture,
which relies heavily on the amount of rainfall. Once the soil moisture (which is limited by
rainfall amount) is depleted, ET stops, irrespective of the evaporative demand by the
atmosphere (i.e. PET). Hence, over land, changes in ET depend more on changes in rainfall
than on changes in PET. Additionally, the evaporative demand of the atmosphere is higher than
the actual ET, indicating that rainfall, which falls over the LRB, cannot meet the ET demand
and all precipitation (except run-off) transforms into ET. This may result in increased aridity
over the already arid to semi-arid LRB. The projected changes in temperature, PET and
precipitation are in line with those found by Li et al. (2015) using a high-resolution Regional
Climate Model (RCM) over Southern Africa. Furthermore, Abiodun et al. (2019) found that
the projected decrease in precipitation and ET, along with a maximum increase in temperature
and PET over the water-stressed LRB, are consistent with the increased occurrence of severe
drought.

Consistent with the precipitation and ET projections, the impact of global warming on the
hydrological variables (SW, PERC, Runoff and WYLD) shows no discernible trend, as the
projection of the hydrological variables shows no significant change (Figure 6.3). Nevertheless,
the spatial distribution of the SW projection shows a future decrease in SW, with the higher
decrease (up to 10 mm month™) over the eastern half of the basin and the lower decrease (about
5 mm month™) over the west (Figure 6.4). In contrast, the spatial distributions of the other
hydrological variables (PERC, Runoff and WYLD) project an increase (>0.1 mm month™ and
>1 mm month) over the western half of the basin, as well as a decrease (<0.5 mm month and
<1 mm month™) over the eastern half at all the GWLs. This projected decrease may offset the
increase and may be the reason behind the indiscernible trend among these variables. The
decrease in Runoff and WY LD may be attributed to the projected decrease in precipitation and
ET, along with the projected increase in temperature and PET. These projections are
comparable with those of previous studies (Arnell et al., 2003; Li et al., 2014), which found a
decrease in runoff over Southern Africa. Using downscaled GCMs as input for a hydrological
model, Zhu and Ringler (2012) projected a decrease of up to 35% in runoff over the LRB.

The projected changes of the hydroclimatic variables over the river channels are shown in
Figure 6.5. In contrast to the ET over land, SWAT+ projects a future increase of about 15 mm
month™ in 2099 in ET over the channels (i.e. stream ET). This implies that the LRB may lose
more water through evapotranspiration of the streamflow than over land. This is because, over
land, ET is limited by the amount of soil moisture and precipitation that occurs over the land;
once the SW is depleted, ET stops. Conversely, evaporation is continuous over the channel due
to the availability of the streamflow. Hence, changes in ET may be more driven by PET than
by rainfall. Even so, the time series of the future projection of streamflow over the basin has no
distinguishable change. Yet the spatial distribution of streamflow projects an increase
(37 m3 1) over the western and central channels and a decrease (37 m3 s1) over the channels
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located in the eastern half of the basin. These results are in line with those of McCluskey and
Strzepek (2007), who projected a significant reduction in streamflow over the majority of
Southern Africa using GCMs over Africa. Aich et al. (2014) projected an increase in the mean
annual streamflow over the LRB using inputs from the CMIP5 model ensemble as input in
SWAT at RCP 2.6 and 8.5.
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Figure 6.5: Same as Figure 6.3, but for channel variables: precipitation (mm month), stream
ET (mm month™), and streamflow (m* s™).

6.4 Impacts of LULC changes

The LULC change scenarios produce different impacts over the basin. However, their
influences on CN can be grouped into two categories. While FrLand and GrLand (i.e. the
expansion of FOEB and GRAS, respectively) decrease CN, CrLand and CrGrLand (the
expansion of CRDY and CRGR, respectively) increase it over most parts of the basin. The
influence of FrLand and GrLand on ET and soil moisture are quite patchy, and the direction of
the influence is not the same across the basin. However, in accordance with the decreased CN,
both LULC change scenarios decrease runoff (up to 0.5 mm month™ in FrLand) and streamflow
(up to 305 m® st in GrLand). Although the influence of CrLand and CrGrLand on ET and soil
water are also patchy, both LULC change scenarios decrease ET and soil water over most parts
of the basin. A comparison of the changes in GrLand, CrLand and CrGrLand results show that,
in the case of CrGrLand, the impacts of cropland on ET and soil water are more than that of
grassland. Nevertheless, consistent with the decrease in CN, both CrLand and CrGrLand
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increase runoff and streamflow over most parts of the basin, except that the magnitude of the

increase is higher in the case of CrLand.
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Figure 6.6: Impacts of LULC changes on hydrological variables over the Limpopo River
basin: CN (unitless), soil water (mm month™), surface runoff (Runoff, m® s) and streamflow

(m®sY). The vertical strip (|) indicates where at least 80% of the simulations agree on the sign
of the changes, while the horizontal strip (—) indicates where at least 80% of the simulations
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agree that the projected change is statistically significant (at 99% confidence level). The cross
(+) shows where both conditions are satisfied, hence the change is robust.

6.5 A comparison of impacts of climate and LULC changes

In general, the level of uncertainty (simulation spread) is higher for climate change impacts

than for LULC change impacts. This makes the comparison a bit difficult. However, for a fair

comparison, we use the median of the ensemble spread. For all the hydroclimatic variables, the
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impacts of LULC changes are lower than those of climate change at any GWL. The most
comparable impacts occur on runoff for GrLand and CrLand. While the impacts of GrLand
enhance the climate change impacts on runoff (by up to half the climate change impacts at
GWL2.5), the impacts of CrLand reduce the climate change impacts (by up to half the climate
change impacts at GWL2.5). However, regardless of the magnitude, both FrLand and GrLand
reduce the climate change impacts on soil water and percolation, but enhance the impacts on
runoff, water yield and streamflow. In contrast, both CrLand and CrGrLand enhance the climate
change impacts on soil moisture, but reduce the impacts on runoff, water yield and streamflow.
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Figure 6.7: A comparison of the impacts of climate change (CChange) and LULC change
(FrLand, GrLand, CrLand, and CrGrLand) on hydrological variables: ET, ET/PET, soil water
(SW), percolation (PERC), Runoff, water yield (WYLD), and streamflow over the Limpopo
River basin at different global warming levels. The present-day climatological value for each
variable is indicated in brackets.

The impacts of climate change and LULC change scenarios on the hydrological droughts are
compared in Figure 6.8. With climate change, the projected increase in the frequency of the
hydrological droughts (i.e. SWI, PERCI, RFI, WYLDI and SFI) falls within that of the
meteorological droughts (SPEI and SPI). This because the projected increase in the ET (due to
climate change) makes the increase in the hydrological drought frequency higher than that of
the SPI; but, because the increased ET is lower than the increased PET, the increase in the
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hydrological drought frequency is much lower than that of the SPEI. Among the hydrological
droughts, the climate change impacts are the most pronounced in respect of the soil drought
frequency (SWI). The impacts of all the LULC changes scenarios are very small and negligible
for SWI and PERCI. However, the impact of GrLand on RFI is in the same direction as (and
comparable to) that of climate change. This is consistent with the decrease in runoff due to the
decreased CN from the restoration of the grassland.
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Figure 6.8: A comparison of the impacts of climate change (CChange) and LULC change
(FrLand, GrLand, CrLand, and CrGrLand) on the frequency of droughts (SPEI, SPI, SWI,
PERCI, RFI, WYLDI and SFI) over the Limpopo River basin at different global warming
levels (GWL1.5, GWL2.0, GWL2.5 and GWL3.0). The present-day climatological value for
each variable is indicated in brackets.

6.6 Summary

This chapter has quantified and compared the future impacts of climate change and LULC
changes over the LRB with the aim of investigating the possibility of using the LULC to reduce
or offset the climate change impacts. For the study, the bias-corrected CORDEX dataset was
used to force the SWAT+ model in projecting the future hydrology in the Limpopo River at
various GWL under the RCP8.5 future climate scenario. The sensitivity of the projection to the
extreme but realistic LULC change scenarios over the basin was investigated. These LULC
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change scenarios include the expansion of forests, grassland cropland, and cropland/grassland
mosaic. The results of the projection indicate that the LRB is warming faster than the global
warming rate. Although there is no discernible trend in the precipitation time series, the spatial
distribution of the rainfall projection shows an increase in precipitation and hydrological
variables over the southern part, but a decrease in these variables over the eastern part of the
basin. This results in increased hydrological drought frequency over the basin. The replacement
of savanna and the expansion of grassland scenarios mitigate the impacts of climate change on
the frequency of soil moisture droughts because they increase soil moisture. However, they
aggravate the impacts of climate change on the frequency runoff and streamflow droughts, as
they further decrease runoff and streamflow over the flow. Conversely, the expansion of
cropland and grassland/cropland reduces the impacts of climate change on the frequency of
runoff and streamflow droughts but enhances the climate change impacts on soil moisture.
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Chapter 7: Using land-use change to mitigate future impacts of
climate change on hydrological droughts in the Western Cape
River basins

7.1 Introduction

The Western Cape Province had one of its worst multi-year droughts in 2015-2017, when a
meteorological drought cascaded to agricultural, hydrological, and socio-economic impacts.
During this extended drought, the water storage levels of the Western Cape’s major dams
deteriorated to about 23%, and in addition, the last 12% of the dam water was unusable (Botai
et al., 2017). The province was declared a disaster region, and the crisis triggered the local
government to impose severe water restrictions on agricultural, urban, and industrial
consumers, while exploring strategies to avert a situation where the taps ran completely dry.
The drought had a significant impact on agriculture, livelihoods, and communities. For
instance, the agricultural sector suffered economic losses estimated at ZAR 5.9 billion, and at
least 30 000 jobs were lost (Green Cape, 2019). However, the Western Cape is likely to become
drier and to experience moderate to strong warming in the future. The need to minimise future
drought impacts on water availability in the province has necessitated studies on mitigating the
impacts of climate change on hydrological droughts. While several studies have documented
hydrological responses to land-use changes in South African catchments, no study has
investigated how these responses can mitigate climate change impacts on hydrological droughts
in the WRB. This chapter thus reports on our study in this direction.

7.2 Land-use change experiments

SWAT+ was applied to perform five experiments (Table 7.1). The first experiment (CtrLand)
represents the control scenario, i.e. using the SWAT+ default land-use pattern. The SWAT+
land-use file was then modified to perform four additional experiments. The second experiment
(FrLand) represents a future land-use scenario with an increase in invasive alien vegetation.
Hence, mixed forest “invades” river basin areas outside their current distributional range. The
area of land-use change for this scenario was delineated after consideration of the Working for
Water programme that mapped the distribution of alien invasive tree species and identified
invaded riparian and non-riparian areas across South Africa’s quaternary catchments (Kotzé et
al., 2010). The third scenario (GrLand) describes an expansion of grassland expansion (i.e.
grass invasion, where GRAS replaces CRDY, CRGR and CRWO). The fourth (CrLand)
describes an extensive cropping scenario (where CRDY replaces CRWO, GRAS, and CRGR),
while the fifth experiment of land-use change (SrLand) describes a restoration of shrubland in
areas currently covered by bare ground/sparse vegetation (BSVG). These experiments were not
designed to simulate accurate scenarios of vegetation change, but rather to assess the magnitude
and type of regional hydrological impact that might occur from a hypothetical, albeit potential,
change in vegetation. All the simulations were run for 148 years (1951-2099), but the
simulation of the first five years was discarded as the spin-up period, and only the simulations
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of the remaining 143 years were analysed. The CTRL simulation was analysed to evaluate the
performance of the hydrological model in simulating the Western Cape’s climate, and to
ascertain the projected future hydrological impacts that could be due to climate change and
resulting changes in vegetation. All future projections of land cover change are provided as an
anomaly (i.e. those of FrLand, GrLand, CrLand, and SrLand are relative to that of CtrLand).

Table 7.1: Summary of LULC change experiments in the Western Cape River basins.

Experiments  Description LULC pattern
CtrLand e Control LULC, which is SWAT+ default land use. ~ Figure 7.1(a)
FrLand e Increase in mixed forest (e.g. eucalyptus, pine, and  Figure 7.1(b)
black wattle trees in river basin areas).
e FOMI occupies 14.45% of the basin
SrLand e Shrubland restoration. Figure 7.1(c)
SHRB replaces BSVG.
SHRB covers 32.74% of the basin.
CrLand e Extensive cropping. Figure 7.1(d)
CRDY replaces GRAS, CRGR and CRWO.
CRDY covers 63.98% of the basin.
GrLand e Expansion of grassland expansion (i.e. grass Figure 7.1(e)

invasion).
GRAS replaces CRDY, CRGR and CRWO.
GRAS occupies 63.98% of the basin.
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Figure 7.1: The LULC patterns used in the LULC change experiments for Western Cape
River basins: (a) CtrLand (b) FrLand, (c) SrLand (d) CrLand (e) GrLand. The land-use types
are urban residential medium density (URMD), cropland/dryland and pasture (CRDY),
cropland/grassland mosaic (CRGR), cropland/woodland mosaic (CRWO), grassland (GRAS),
shrubland (SHRB), savanna (SAVA), forest — deciduous broadleaf (FODB), forest —
evergreen broadleaf (FOEB), forest — mixed (FOMI), water (WATR), bare ground/sparse
vegetation (BSVG). The percentage of each LULC type is indicated in brackets.
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7.3 Impacts of climate change

Figure 7.2 shows the time series of projected climate changes across the Western Cape for the
period 1980-2100. These projections show a gradual increase in mean temperature, from about
1°C in 2030, and reaching about +4°C by the end of the century. The spatial distribution of the
warming is generally uniform across the region, but the magnitude of the warming increases
with the GWLs (Figure 7.3). For example, the temperature increase may be between 1.5 and
2.5°C, under GWL1.5 and GWL2.0, or as high as 3.0-4.5°C, under GWL2.5 and GWL3.0
across the catchments. These climate projections for temperature are in line with those of the
previous study, which suggests increased temperatures (up to 4°C) could occur in this region
before the end of the century (Field, 2014; Haensler et al., 2011; Naik and Abiodun, 2016).
Note that, for higher GWLs, increased warming tends to occur further inland, over the north-
eastern regions. For example, under GWL3.0, the increase is about 4.5°C over the north-eastern
parts of the Olifants River catchment, but about 2.5°C along southern parts of the Berg and
Breede rivers. This is in line with previous projections and may be due to the moderating effects
of the ocean on temperature along the coastline (e.g. Mbokodo et al., 2020; Naik and Abiodun,
2016). This projected increase in temperature leads to an increase in potential evaporation
(PET), which also shows a gradual increase by the end of the century (from about +10 mm
month in 2030 to about +20 mm month™ by 2100 (Figure 7.2). The areas where the largest
changes in PET occur compare well spatially to areas where the largest changes in temperature
occur (Figure 7.3), and the magnitude of the PET change increases with higher GWLs (2.0, 2.5
and 3.0). The largest increase occurs over the north-eastern parts of the Olifants River and
northern Gouritz River catchments, where PET may increase by between about +10 mm
month™* (GWL1.5) to more than +20 mm month® (GWL3.0), respectively. Several studies
confirm that PET rates may increase with higher temperatures in the future. This is because
global warming (and associated higher temperatures) lead to an increase in the vapour pressure
deficit of air and increased atmospheric evaporative demand (Dai et al., 2018; Yuan and Bali,
2018).
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Figure 7.2: Temporal variation of the changes in hydroclimatic variables over the Western
Cape River basins in the period 1971-2099 under the RCP8.5 climate scenario. The changes
are calculated with reference to the present-day climate (1971-2000). The solid lines represent
the multi-model ensemble mean of selected climate models, and the spreads represent the
range of selected climate models.

The projected changes in precipitation are more complex than those of temperature.
Precipitation projections show no discernible change in the trend before 2040, but a decreasing
trend afterwards until the end of the century. However, changes in the spatial distribution do
occur (Figure 7.3). The pattern of the precipitation change differs spatially across the Western
Cape catchments. While there is a general decrease in precipitation across the entire region, the
projections under GWL 1.5 suggest more drying (about -2 mm month™) may occur over some
areas, like parts of the southern Gouritz and the south-eastern Breede, while only modest
change occurs over other areas like the central Olifants. Generally, this pattern is similar across
the GWLs, only that the magnitude of the change increases under higher GWLs and that the
spatial extent of the drying increases. For instance, the area of maximum drying includes the
southern margin of the Gouritz and Berg (-1.5 mm month™) for GLW2.0, and it extends across
the entire Gouritz, Breede, and parts of the Berg and Olifants, where it exceeds -2.5 mm
month™ for GWL 3.0. Only few areas show wetter conditions over the Western Cape in the
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future. The exception to the general drying over the region occurs over a limited area of the
central Berg (near a large dam), where increased PRE (+2 mm month™) occurs, and over
central-southern parts of the Olifants (+1 mm month). However, this only occurs for GWL1.5,
but not under higher GWLs, when the drying signal dominates. The large-scale forcing
mechanisms potentially responsible for the decreased rainfall across the Western Cape region
may include an increase in the intensity and frequency of upper-level highs, and the migration
of subtropical anticyclones towards the mid-latitudes across the Southern African subcontinent
(Sousa et al., 2018). The poleward shift of the Southern Hemisphere moisture corridor and the
displacement of the South Atlantic storm-track may create significantly drier conditions under
conditions of future climate change. The projected ET can be linked to the changes in
precipitation. While there is no discernible trend in future ET time series projections over the
Western Cape (Figure 7.2), there are changes spatially. The spatial pattern of the ET change is
not uniform across the Western Cape for GWLL1.5. ET may decrease over some catchments,
such as the Gouritz (-2 mm montht), but increase over others, such as the south-central Olifants
(+1 mm month) or the Berg (+1 mm mont). Generally, however, the areas where the largest
changes in ET occur are comparable to the areas where the precipitation changes occur. The
magnitude of the ET change also increases with higher GWLs (2.0, 2.5 and 3.0). For example,
the projections show that, for higher GWLs, ET may decrease over much of the region (-1.5
mm month™?), and particularly over the south-western Gouritz and central Olifants. This
decrease may be up to -1.5 mm month™ under GWL1.5, -2 mm month™* under GWL2.0 and
exceed -2.5 mm month™* under GWL3.0.
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Figure 7.3: Spatial distribution of the projected changes in temperature (°C), precipitation
(mm/ montht), potential evapotranspiration (PET, mm month™) and evapotranspiration (ET,
mm month™!) over the Western Cape River basins at different global warming levels
(GWLL1.5, GWL2.0, GWL2.5, and GWL3.0). The vertical strip (|) indicates where at least
80% of the simulations agree on the sign of the changes, while the horizontal strip (—)
indicates where at least 80% of the simulations agree that the projected change is statistically
significant (at 99% confidence level). The cross (+) shows where both conditions are
satisfied, hence the change is robust.

The projected decrease in hydrological variables can be linked to the decrease in precipitation
(Figures 7.3 and 7.4). The spatial distribution of these hydrological changes is consistent with
that of precipitation. For example, the projections show a general decrease in soil water across
the region (-10 mm month™), which is enhanced over the eastern Olifants (-20 mm month™)
and the central Berg (-20 mm month™) under GWL3.0. The spatial distribution of the drying is
comparable for higher GWLs, except that the magnitude of the drying increases with the
GWLs. This is because the projected decrease in PRE negatively affects the overall soil water
budget of the affected areas. Over time, this causes a gradual decrease in the volumetric water
content of the soil over the region (soil water; about -10 mm) from 2050 to 2100 (Figure 7.3).
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This negative change in storage (i.e. soil water content) occurs when outputs, such as
percolation and surface runoff, exceed precipitation. As seen in Figure 7.4, the distribution of
the future drying is spatially comparable for these variables. Since the soil does not reach
saturation, reduced percolation occurs and there is also a consistent decrease in overland runoff.
(Note that the differences in percolation and runoff are comparable to the spatial variation in
soil types (Figure 2(e)) because loam and sandy loam textures differ in their respective water-
holding capacities). This is consistent with our projected changes in hydrological variables over
various channels (Figure 7.5). There is a decrease in channel precipitation over many areas of
the Western Cape (-10 mm month™), and this drying increases under higher GWLs. For
instance, drying of -8.4 mm month™ occurs along channels of the southern Gouritz and Breede,
under GLW2.0, and it extends across the entire Western Cape, where it exceeds up to 16.9 mm
month™ for GWL 3.0. The projected increase in PET leads to an increase in stream ET, which
occurs for all GWLS, and over all the Western Cape catchments, but it is enhanced over the
Olifants and Gouritz catchments (+19 mm month™?). Since more water is lost through
evaporation, there is an associated decrease in streamflow over many of the region’s channels
(+10 mm month™), but particularly over the Olifants and Gouritz catchment (+19 mm
month™). This is consistent with the decreasing trend in future projections of channel discharge
entering the largest dam in the Western Cape at Theewaterskloof (TWT) (Figure 7.5) and
reaching about -2 m® s by the end of the century. While there are few studies on the
hydrological projections for the Western Cape, several studies recognise that this region has
historically experienced increased surface aridity due to decreased precipitation. The
hydrological projections here are in line with historical analysis, which found increased surface
temperature, decreased precipitation, and increased occurrence of dry spells, which have
depleted water resources in the Southwest Cape (Jury, 2018).
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Figure 7.5: Same as Figure 7.3, but for channel variables: precipitation (mm month), stream
ET (mm month™), and streamflow (m* s™).

7.4 Impacts of LULC changes

The impacts of the LULC changes (i.e. FrLand, GrLand, CrLand, and CrGrLand) on the
hydrological projections can be explained by the influence of the LULC changes on the curve
number (CN; Figure 7.6). With FrLand, there is a decrease in CN, which is consistent with the
area of mixed forest land-use change (CN of about -3; Figure 7.6). The lower runoff potential
is linked to more permeable soil surface and hence, there is less runoff from rainfall. As such,
FrLand increases the amount of soil water available over the catchment. For instance, soil water
increases occur over parts of the southern Berg (+2 mm month™) catchment, and the southwest
Breede (+2 mm month™) catchment. The increase in soil water may be due to the deeper rooting
network of trees, which alters the physical properties of the upper soil layers, improving
infiltration and percolation. As the amount of available soil water at the surface increases, more
water is available for conversion through evapotranspiration (ET). Thus, for FrLand, ET also
increases over these parts of the Berg and Breede (+0.5 mm month), and these increases are
spatially comparable to those of soil water. However, although FrLand generally decreases
runoff over the region (-0.2 mm month™®), particularly over parts of the central Berg and western
Breede (-0.5 mm month™), FrLand also increases the streamflow over most catchments. The
largest increases in streamflow occur over parts of the western Olifants, the northern Berg and
the south-eastern Gouritz (about +61.9 m®s; Figure 7.6). Decreases in streamflow occur only
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in some sub-basins of the western Breede and southern Berg (about -61.9 m® s™). These
hydrological changes suggest that the increase in streamflow is unlikely due to surface runoff
(from precipitation runoff over the landscape, i.e. overland flow) but rather due to percolation
of water past the soil profile (subsurface) to become groundwater recharge, or via lateral
movement in the profile (interflow), which eventually reaches streamflow (not shown). Several
studies confirm that forests may have a positive impact on soil hydraulic properties, by
functioning as water harvesters and contributing to infiltration, deeper drainage, and
groundwater recharge (e.g. Bargués Tobella et al., 2014; Luo et al., 2020).

FrLand
1 1

SrLond CrLand GrLond
1 1 Il 1 1 1

CN

Soil Water

ET

Runoff

Streamflow

35.0°5 4 -

T T T
18.0°E 22.0°t 18.0°E

T T
22.0°E

22.I0"E 1 B.IO°E
Figure 7.6: Impacts of LULC changes on hydrological variables over the Western Cape River
basins: CN (unitless), soil water (mm month™), surface runoff (Runoff, m® s) and
streamflow (m?® s1). The vertical strip (|) indicates where at least 80% of the simulations agree
on the sign of the changes, while horizontal strip (—) indicates where at least 80% of the
simulations agree that the projected change is statistically significant (at 99% confidence
level). The cross (+) shows where both conditions are satisfied, hence the change is robust.
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The hydrological impact of SrLand is similar to that of FrLand. With SrLand, there is a decrease
in CN (of about 8) over the areas where shrubland restoration replaces bare ground (Figure
7.6). This occurs particularly over sub-basins of the northern and central Olifants and northern
Gouritz. Over the central and northern Olifants sub-basins, SrLand increases soil water
(+2.0 mm month™) and increases ET (+0.4 mm month™). But SrLand decreases runoff over the
region (-0.2 mm montht), particularly over the central Olifants and northern Gouritz (-0.5 mm
month™). However, unlike FrLand, SrLand decreases water yield over most Western Cape
catchments. The streamflow decreases (about -61.9 m®s™) occur over the Olifants, Gouritz and
Breede. However, SrLand does not influence water yield over the Berg River, since no land-
use change occurred in this catchment. Overall, these hydrological changes suggest that the
restoration of shrubland may decrease streamflow and may have negative impacts on the water
security of the region.

The response of CrLand is complex, as it includes both increases and decreases in hydrological
conditions. CrLand (i.e. expansion of cropland/dryland area) increases the curve number (CN),
such that the area of LULC is spatially consistent with the area of higher CN (about +5;
Figs.7.6). While CrLand decreases soil water over some sub-basins, it increases it over other
sub-basins. For instance, it decreases soil water over the eastern and southern Berg (-2 mm
month™), the northern and southern Breede (-2 mm month™) and the eastern Gouritz (-1.6 mm
month™), but it increases soil water over the southwestern Olifants (+0.8 mm month™).
However, the hydrological response of CrLand differs from FrLand, in that, while the soil water
changes are spatially consistent with ET in some catchments, they are not consistent in others.
For instance, the decrease in ET (-2 mm month™) over the Breede is consistent with the decrease
in soil water over the catchment, and the increase in ET (+0.4 mm month™?) over the
southwestern Olifants also agrees with the increase in soil water over this sub-basin. However,
the increase in ET (+0.2 mm month™) over the southern Breede is not consistent with the
decrease in soil water over the sub-basins. Moreover, CrLand increases runoff and streamflow
over the southern Olifants and eastern Gouritz (+0.5 mm month™ and about +61.9 m® s%) but
decreases them over much of the Breede (-0.5 mm month™ and up to about -123.8 m® s?,
respectively). Unlike with FrLand, the increase in the streamflow obtained with CrLand is
likely due to an increase in surface runoff over the landscape. It may be that the percolation
rate is slower with CrLand than with FrLand. Nevertheless, the CrLand changes have complex
impacts on the hydrology of the region, possibly due to the complex topography and local soil
conditions.

The hydrological response to GrLand is also complex. GrLand (i.e. restoration of grassland)
generally decreases the curve number (CN), with areas of lowest CN spatially consistent with
areas converted from CrLand to GrLand (CN about -4; Figure 7.6). GrLand is associated with
a lower curve number (compared to CrLand) and hence, less runoff from rainfall. Compared to
CrLand, GrLand increases soil water over many catchments. For example, soil water increases
occur over the southwestern Olifants (+2 mm month™), the eastern Gouritz (+2 mm month™)
and several sub-basins of the Berg. Although, like CrLand, for GrLand soil water decreases
occur over the southern margins of the Breede (-2 mm month™). Even so, the changes in ET
for the two land-uses (CrLand and GrLand) are spatially comparable. Nevertheless, unlike
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CrLand, GrLand reduces runoff (-0.5 mm month™?) over many catchment areas. And, while
changes in streamflow for the two land-uses are similar over the Olifants and Gouritz
catchments (increases), and over the Breede (decreases), unlike CrLand, GrLand reduces
streamflow over the Berg (-61.9 m® s).

7.5 A comparison of the impacts of land-use change with climate change
projections

The impacts of projected future climate change decrease all the hydrological variables over the
catchments studied herein, but the percentage of the decrease varies among the variables and
with the GWLs (Figure 7.7). Generally, the magnitude of the projection increases for higher
GWLs, with the largest impacts of land-use change under GWL3.0. For instance, at GWL3.0,
while the ET decreases by only 10%, the percolation decreases by more than 40%. The decrease
in ET may be linked to the projected decreases in PRE, which makes less water available for
evaporation over the catchments. The capability of the basin to meet atmospheric water demand
(ET/PET) also decreases (by -20%), not only because the ET decreases, but because PET, the
atmospheric water demand, is also projected to increase across the catchments (Figure 7.3).
These changes drive the decrease in other hydrological variables, because they alter the overall
soil water (SW) of the river basin areas, inducing a 30% decrease in soil water, a 40% decrease
in PERC and a 30% decrease in runoff. Since less water percolates into deep soil layers, it also
decreases the water yield (WYLD). Hence, there is also a decrease in water yield (-30%) and
discharge (-35%) at the Theewaterskloof dam (TWT). This pattern is similar for successive
GWLs (1.5, 2.0, and 2.5; Figures 7.7(a), (b), and (c), respectively), except that the magnitude
of the decrease in hydrological variables is lower than that of GWL3.0.

The impacts of some land-use changes offset the climate change impacts on the mean
hydrological variables (Figure 7.7). For example, CrLand may increase the runoff by 10%
under GWL3.0. This may mitigate the impacts of climate change on runoff (to about 30%).
While it does not occur across the entire Western Cape, CrLand may also offer potential climate
change offset due to its impact on water yield at the TWT, where CrLand may increase
discharge (+5%). For FrLand, SrLand, and GrLand land-use changes, the impact on the
hydrological variables is almost negligible relative to the impact of future climate change.
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Figure 7.7: A comparison of the impacts of climate change and LULC change (FrLand,
SrLand, CrLand, and GrLand) on hydrological variables: ET, ET/PET, soil water (SW),
percolation (PERC), Runoff, water yield (WYLD), and streamflow over the Western Cape
River basin at different global warming levels. The present-day climatological value for each
variable is indicated in brackets.
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The changes in the hydrological variables are also linked to changes in drought frequency
(Figure 7.8). The projections indicate that impacts of climate change may increase drought
frequency in the future. Climate change may increase the drought frequency in both the SPEI
(about +75 months decade™) and the SPI (+20 months decade™) (Figure 7.8). Note that, while
SPEI drought is more severe than SPI drought, for both indices, a moderate drought is defined
as a condition in which the drought index (SPI or SPEI) is less than or equal to —1.0. These
projections are in line with those of a previous study, which suggests that changes in the
intensity and frequency of droughts are weaker when using the SPI than the SPEI, and that SPI
projections may in fact underestimate the influence of global warming on drought because they
do not account for the influence of PET (Naik and Abiodun, 2020). The changes in the
SPEI/SPI drought provide the upper/lower range that is linked to changes in hydrological
drought for other variables. For instance, climate change may increase the frequency of the soil
water drought index (SWI) by +38 months decade™, the percolation drought index (PERCI) by
+30 months decade™, the runoff drought index (RFI) by +10 months decade™, and the water
yield drought index (WYLI) by +12 months decade™.

Some land-use changes may offset the climate change impacts on the hydrological drought
variables (Figure 7.8). Most notably, changes occur under GWL3.0, where FrLand may
decrease the SWI, PERCI and the WYLDLLI, and it may thus mitigate the impacts of climate
change on both types of droughts by about -3 to -5 months decade™. SrLand may increase the
RFI by -3 months decade™. Similarly, CrLand may also decrease the RFI and may thus mitigate
the impacts of climate change by about -5 months decade™. However, while GrLand may
decrease the PERCI by about -3 months decade™, and it may increase the impacts of climate
change on RFI by about +5 months decade™. This pattern is similar for successive GWLs (1.5,
2.0, and 2.5; Figures 7.8(a), (b), and (c), respectively). Generally, however, the impact of the
drought in terms of the hydrologic variables is almost negligible relative to the frequency of
future climate change drought.
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Figure 7.8: A comparison of the impacts of climate change (CChange) and LULC change
(FrLand, GrLand, CrLand, and CrGrLand) on the frequency of droughts (SPEI, SPI, SWI,
PERCI, RFI, WYLDI and SFI) over the Western Cape River basins at different global
warming levels (GWL1.5, GWL2.0, GWL2.5 and GWL3.0). The present-day climatological
value for each variable is indicated in brackets.
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7.6 Summary

The chapter has examined the extent to which LULC changes can reduce the projected impacts
of climate change on hydrological droughts in the WRB. We applied the calibrated SWAT+
model with the bias-corrected CORDEX dataset to simulate future hydrological conditions over
the basin under different LULC changes and studied the sensitivity of the hydrological variables
and drought indices to these LULC changes. The land-use scenarios considered are the spread
of forest, the restoration of shrubland, the expansion of cropland, and the restoration of
grassland. The climate change projection features an increase in temperature and potential
evaporation, but a decrease in precipitation and all the hydrological variables. The drying
occurs across the entire Western Cape, with the magnitude increasing with higher GWLs. The
land-use changes alter these climate change impacts through changes in the hydrological water
balance. The spread of forest increases streamflow and decreases runoff, while the restoration
of shrubland decreases streamflow and runoff. The hydrological responses of CrLand and
GrLand are more complex, as they include both increases and decreases in hydrological
conditions. The impacts of FrLand, SrLand, CrLand and GrLand on the hydrological variables
and drought frequency are negligible relative to the impact of future climate change. Hence,
land-use changes in the Western Cape may not be the most efficient strategies for mitigating
the impacts of climate change on hydrological droughts over the region. The results of this
study have application in improving water security in the WRB catchments.
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Chapter 8: Conclusion and recommendations

8.1 Conclusion

As part of efforts to reduce the impacts of drought over river basins in South Africa, this study
has successfully calibrated, validated, and applied the SWAT+ model in order to investigate
the extent to which LULC change can be used to mitigate the impact of climate change on
hydrological droughts over selected river basins in South: the Vaal River basin (VRB), the
Limpopo River basin (LRB), and the Western Cape River basins (WRB). The description of
the basins and the SWAT+ model with the relevant input datasets was given in Chapter 2. We
investigated the influence of bias correction of the climate dataset on the quality of the
hydrological simulation before quantifying the impacts of climate change and LULC scenarios
on characteristics of future hydrological droughts under the RCP8.5 scenario. The results of the
study can be summarised as follows:

SWAT+ reliably simulates the hydrology over all three basins studied herein. It captures
the annual cycle of the observed streamflow at the hydrological stations in the VRB (i.e.
C3H007, C5H016, C2H003, and C9HO009), LRB (i.e. A2H059, A2H029, B3H017 and
B7HO015), and WRB (i.e. G1H013, H7H006, E2H003, and J1HO019) during both
calibration and validation periods. It also reproduces the timing and magnitude of most
peak flows at these stations. The coefficient of correlation (R) between the simulated
and observed streamflows is more than 0.6 over most of the stations. However, there
are notable biases in the simulations.

The SWAT+ simulation that used the bias-corrected CORDEX dataset captures the
spatial distribution of hydroclimatic variables over the basin better than the simulation
that used the original CORDEX datasets.

The future projections over all the basins features an increase in temperature, and with
no substantial trend in the time series of precipitation and hydrological variables.
However, a decrease in precipitation and hydrological variables (soil water, runoff, and
streamflow) is projected over all the basins, leading to an increase in hydrological
droughts.

Over the VRB, the expansion of grassland reduces the impact of climate change on soil
water, percolation, and the associated drought frequency, but it enhances the impacts of
climate change on runoff, water yield, streamflow, and the associated drought
frequency. The expansion of cropland, cropland/grassland mosaic and barren land
lowers the impacts of climate change on runoff, streamflow, and the associated drought
frequency, but it reinforces the impact of climate change on soil water and the associated
drought frequency.

Over the LRB, the replacement of savanna and the expansion of grassland scenarios
mitigate the impacts of climate change on the frequency of soil moisture droughts,
because they increase soil moisture. However, they aggravate the impacts of climate
change on the frequency runoff and streamflow droughts, as they further decrease runoff
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and streamflow over the flow. The influence of expansion of cropland and
grassland/cropland is in the opposite direction.

e Over the WRB, the spread of forest enhances the climate change impacts on runoff (by
further decreasing runoff) and reduces the climate change impacts on the streamflow
and streamflow droughts (by further decreasing the streamflow). The restoration of
shrubland enhances the climate change impacts by runoff and streamflow and the
associated droughts (by decreasing both variables). The expansion of cropland and the
restoration of grassland produce more complex changes, featuring increases and
decreases in hydrological variables in different parts of the basins.

The results of this study show that, while LULC change scenarios can reduce the impacts of
climate change on some hydrological droughts in the selected river basins, they can also
enhance the impacts on other hydrological droughts. Nevertheless, the impacts of the land-use
change scenarios are small compared to the climate change impacts.

8.2 Recommendations

The results of the study suggest that, while these extreme LULC change scenarios could either
mitigate or aggravate the climate change impacts on hydrological drought frequency over the
selected three basins, the magnitudes of these impacts are in most cases less than 30% of the
climate change impacts. This implies that LULC changes may not be sufficient to offset the
climate impacts over the basins; hence, there is a need to explore other climate change
mitigation options over these basins. In addition, as all the LULC changes reduce the climate
change impacts on one hydrological drought and aggravate the impacts on another, there is a
need to weigh the pros and cons of any LULC change before implementing it.

The approach used in this study only offers insight into the potential hydrological impacts of
using LULC changes to mitigate droughts in the river basins. It is by no means intended to be
prescriptive about land-use activities for a particular river basin, but it may assist stakeholders
and decision makers in making better decisions for land management and water resource
planning in a future impacted by drought due to climate change.

For simplicity and ease of interpretation, all the LULC change experiments in this study have
assumed that the future climate projection would sustain the prescribed LULC patterns, so the
vegetation did not respond to the climate variability and change. This may not always be the
case. Hence, there is a need to extend the study to perform more sophisticated experiments that
would enable vegetation to respond to future atmospheric conditions. The results of such
experiments could alter the magnitude of the LULC changes obtained in the present study.
However, the present study has provided the framework for model setup and result
interpretation for such experiments.

Solar radiation management (SRM) has been proposed as a global and more effective option to
mitigate climate change impacts. SRM aims to eliminate global warming by artificially
reflecting a small amount of inbound sunlight out into space. However, although SRM is still
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in its early stages of research, controversy exists because its full effect on different components
of the earth system is unknown. There is a need to investigate the potential impacts of SRM on
the hydrological drought over the basins and compare the results with those of LULC changes
obtained in the present study. This will provide an opportunity for comparing global and local
climate change mitigation strategies over the selected basins.
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Appendix

Table Al: CN values of different soil types and land use types under medium soil moisture.

SWAT+ land Corresponding SCS Land use CN for different HSG Hydrological
cover (ABCD) condition
classification
A B C D
URMD Urban 98 98 98 98 Poor
CRDY Straight row crops 72 81 83 91 Poor
CRGR Straight row crops 67 78 85 89 Good
CRWO Woods-grass combination 43 65 76 82 Fair
GRAS Pasture-grassland 39 61 74 80 Good
SHRB Brush-brush-weed- 30 48 65 73 Good
grass_mixture_with_brush_the
major_element
SAVA Woods-grass combination 32 58 72 79 Good
FODB Deciduous evergreen forest 33 58 72 77 -
FOEB Evergreen broadleaf forest 30 5 70 77 -
FOMI Mixed forest 32 57 71 771 -
WATR Water 100 100 10 10 -
0 0
BSVG Fallow 77 86 91 94 -
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