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ABSTRACT

In 2015-2016 Kwa-Zulu Natal (KZN) and other provinces in South Africa suffered from drought conditions.
Drought can have negative impacts on the environment, society and the economy. Climate change is
predicted to exacerbate extreme events such as droughts that would adversely affect already vulnerable
regions such as KZN. The main aim of this study is to implement the attribution procedure, to determine
if climate change has contributed to the 2015-2016 hydrological drought in selected KZN catchments.
Methodology of the study followed a general framework of implementation of hydrological attribution
experiments with climate data obtained from attribution simulations with HadAM3p global climate
model. Prior to simulations in attribution mode, QSWAT model was set up for the study area and
calibrated using SWAT-CUP and SUFI-2. Calibration results were poor but the model could be applied in
the context of this study, under certain constraints. Results of attribution experiments revealed that for
all 3 subbasins studied no increase of risk was observed and hence no influence of climate change on the
2015-2016 magnitude of drought for selected catchments was concluded by this study. These results are
limited, as they are based on climate attribution experiments with only one climate model, rather than
with a multi-model ensemble. Also, QSWAT model, in its implementation with generic climate data is of
limited use in attribution (or hydrological) simulations as even after calibration the model performs
poorly.

EXTENDED ABSTRACT

In South Africa Kwa-Zulu Natal (KZN) province has suffered a crippling drought throughout the 2015 and
2016 period that has seen dam levels drop to an all-time low, such as Midmar Dam dropping to its lowest
since 1983 in the 2015 drought period. Key impacts from the drought in the province included reduced
flow in river channels that led to reduced dam levels and subsequent poor water quality that threatened
the health and wellbeing of residents. The drought also reduced the production of crops which threatened
food security in the province. As the drought affected agriculture a knock-on effect of unemployment in
this industry occurred, affecting livelihoods. The drought also gave rise to potential cases of increased
mortality rates for livestock and wildlife and increased potential for fire hazards. Economic effects of the
drought included a threat to electricity supply as the coal power stations utilize a substantial amount of
water, and similarly less water was available for other heavy industries, negatively impacting these
industries. With the frequency and magnitude of extreme weather expected to increase because of
climate change, in provinces such as Kwa-Zulu Natal vulnerabilities are highlighted due to existing poverty
levels, water scarce areas and rain-fed agricultural production. This study aims to determine whether
anthropogenic climate change has contributed to the 2015-2016 hydrological drought conditions
experienced in KwaZulu-Natal catchments. To see if climate change has contributed to the 2015-2016
drought, a probabilistic event attribution procedure is implemented and QSWAT model is tested as a tool
for rapid attribution studies. Attribution experiments are typically designed to estimate if anthropogenic
climate change has altered the chance of extreme weather events occurring. The focus here is on
attribution of hydrological drought. This is achieved by integrating results of attribution experiments with
a global circulation model (HadAM3p), with simulations of hydrological responses using a hydrological
model (QSWAT).



The 2015-2016 drought is examined in the study by utilizing the Department of Water and Sanitation
(DWS) discharge stations data. The first part of this study focused on setting up the QSWAT hydrological
model which included delineation of the catchment, creation of HRUs, editing model inputs and running
the model. Data sets used to setup and run the model include WR2012 data, SWAT CRU data, SWAT CFSR
and WATCH WFDEI data. Following setup, the best model simulations were used (WATCH WFDEI data)
and the model calibration was performed. Calibration was performed using the SWAT- CUP automatic
calibration software which utilizes the SUFI-2 algorithm. Following this the attribution experiments were
implemented with QSWAT. The attribution procedure involved using the downscaled climate data from
climate attribution experiments to obtain simulations of real world conditions (current climate) and under
conditions that might have been had anthropogenic greenhouse gas conditions never occurred
(counterfactual climate). The approach followed the risk-based methodology described in Stone and Allen
(2005). The study used the Risk Ratio (RR) measure where the chance of the event occurring under current
real-world climate conditions is p; and the chance of the event occurring under the conditions of a
counterfactual world in which humans had never emitted greenhouse gases is po where the RR = p1/po
.This study used probabilistic framing as it is suited for events that are defined via the exceedance of a
threshold of a hydrological variable, where the observed event is utilized to define the threshold. QSWAT
hydrological model was set up with generic global data. The calibration procedure was carried out using
SWAT-CUP and although calibration results were poor they were applicable for use in this study under
constraints (since the calibrated hydrological model was not performing well, model simulations based on
WATCH WFDEI observation data was used to define the drought, avoiding error from the weak
performance of the model). Results of the attribution experiments revealed that for all 3 subbasins
studied no increase of risk was observed and hence no influence of climate change on the 2015-2016
magnitude of drought for selected catchments was concluded by this study. Limitations of the attribution
study implemented here include that results are limited since they are based on climate attribution
experiments with only one climate model, rather than with a multi-model ensemble. QSWAT model,
implemented with generic climate data is of limited use in attribution (or hydrological) simulations as even
after calibration the model performs poorly.

KEYWORDS
Event attribution, anthropogenic climate change, hydrological drought, extreme event, QSWAT, QGIS



1. INTRODUCTION

1.1 Droughts as a global and South African (SA) problem

Drought is generally understood as a period with unusual dry weather with insufficient precipitation.
Depending on severity, drought can cause a shortage of water supply and may have devastating effects
on ecosystems and organisms. Drought is an extreme physical process initiated slowly with complex
impacts that can affect many sectors (Botai et al., 2016). Drought periods vary and span periods from
short term (month to several months) to long term periods such as millennia. From the hydrological
perspective drought manifests through a shortage of surface or subsurface water. In the period of 1900
to 2013, 642 drought events were recorded globally (Masih et al., 2014). Masih et al. (2014) reported that
these drought events affected more than 2 billion people and resulted in 12 million deaths.

South Africa is described as a semi- arid or arid country that has variable climate conditions. According to
the WRC (2015) the country’s freshwater resources were highly strained and these resources were
affected by extreme weather events resulting from climate variability and climate change (WRC, 2015).
Drought continues to be a natural hazard of the countries climate (WRC, 2015) and under current climate
scenarios for the country it is expected to worsen, so the country needs to prepare for this extreme
weather event (DEA, 2013).

1.1.1 Drought in SA and KZN in 2015-2016

In South Africa, rainfall in all nine provinces in the period since 1904 has averaged 608 mm per year. South
Africa in 2015 received only an average of 403 mm/year (66% of the annual average). Previously, the
lowest rainfall received in a year was in 1945 when South Africa received 437 mm/year (72%) (Africa
Check, 2016). In 2015-2016 KZN had below normal cumulative rainfall conditions from Oct-Jun
(<500mm/year) and normal cumulative rainfall conditions (<800mm/year) for Jul-Sep, illustrated in Figure
1 below:
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Figure 1: Monthly rainfall and cumulative monthly rainfall (mm/year) for KZN (Source: DWS,

2019)

Figure 2 also illustrates total annual rainfall (WATCH WFDEI data) for a KZN subbasin (11) in the Mvoti to
Umzimkulu WMA, 2015-2016 is displayed as below normal rainfall in this 35 year context.
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Figure 2: Total annual rainfall (mm/year) for KZN subbasin 11

In other provinces such as the Free State, below normal rainfall conditions (<400mm/year) were recorded
throughout the whole 2015-2016 hydrological year (Oct 2015-Sep 2016). Similarly, Mpumalanga
experienced below normal rainfall throughout that year (<550 mm/year).



The runoff status overview below (Figure 3) also illustrates below normal streamflow conditions where
the Department of Water and Sanitation (DWS) utilised verified flow data.

Runoff Status Overview ( Kwa Zulu Natal ) =
Period: 01-January-2014 to 01-August-2018
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Figure 3: KwaZulu- Natal Runoff Status Overview (Source:
http://www.dwa.gov.za/niwis2/DroughtStatusManagement/RunoffStatusOverview)

Effects of the drought in South Africa included impacts on agriculture that could be seen in the Free State,
KwaZulu-Natal and the North West such as summer crops like maize that could not be planted in many
areas or that plantings were severely damaged by the drought and heat. Products such as soya, sorghum,
groundnuts and sunflower crops that were affected had negative impacts for South Africa’s food security
at the time. For livestock issues such as availability of drinking water caused a problem in many areas in
these provinces. This was predicted to resultin an increase in food prices for South Africa during the 2015-
2016 period. Water resources were affected by the drought as the whole country experienced water
shortages at different scales for different parts of the country. KwaZulu-Natal was one of the worst
affected regions and this could have been exacerbated by little or no water resource storage facilities
(Africa Check, 2016).

1.1.2 Causes of droughts

Climate variability can be defined as “any deviation from the long term expected value that occurs
naturally and is non- permanent”. Variability can be as a result of internal processes of the climate system
or variability of natural or anthropogenic external forces (Schulze, 2011). A driver of climate variability
that is important in the South African context is the El Nino Southern Oscillation (ENSO). ENSO
phenomenon is a naturally recurring climate phenomenon. ENSO is comprised of El Nino which is relative
warming of the eastern Pacific Ocean and cooling of the western Pacific Ocean due to a change in wind
patterns. The opposite of this state is known as La Nina. El Nino can be associated with drought conditions
(defined as less than long term average rainfall - these also range from mild to severe) in South Africa



(SAWS, n.d.), with dry years often associated with El Nifio events in the Pacific, the relationship being
particularly robust after the 1970s (Crétat et al., 2010). In other regions such as the southern United States
La Nina causes drought conditions (University of Texas at Austin, 2017).

1.1.3 Droughts and climate change

Anthropogenic climate change, natural climate variability and ENSO are critical elements to consider when
explaining current weather phenomena (WWF, 2016). Anthropogenic climate change is a leading
challenge for humanity today. It is manifested by an increasing trend in annual mean global temperature,
detectable already 20 years ago, and robust regional seasonal mean temperature trends emerging 10
years ago (v.Oldenborgh, 2018). According to IPCC AR5 future temperatures for Africa are projected to
rise by as much as 4°C by the end of the 21st century (Niang et al., 2014). The warming can lead to extreme
events, both droughts and floods (NAS, 2016). Changes in the occurrence of extreme events have already
been associated with climate change (Easterling et al., 2016) but drought is affected differently in different
regions and different seasons due to anthropogenic climate change (NAS, 2016).

1.1.4 Attributing droughts to climate change

A general understanding exists that climate change affects droughts, and has likely affected the KZN
drought. Assessment of the role of climate change in a particular drought has to be done using attribution
methodology. However, events of a given magnitude may occur naturally, with given probability and a
particular event may be a result of normal climate variability, and not related to climate change at all.
Attribution methodology allows for assessment of the change in probability of an event’s occurrence
under climate change compared to natural conditions. It is worth noting the attribution pertains to the
risk of event and not the event itself. Presently, we know that the climate is changing and we know that
in the analysed region it is changing towards a drier climate, which we know can potentially have
consequences for severity and frequency of droughts. It is therefore likely that it has made the 2015-2016
drought more severe and this is the hypothesis we tested in this study. The study is also significant in
understanding the impacts of climate change and climate variability.

There are a number of drought attribution studies addressing recent droughts on African continent (e.g.
Bellprat et al. 2015, Otto et al. 2018a, Philip et al. 2018, Lott et al. 2013, Marthews et al. 2015). All these
studies focused on climatological drought, and to my knowledge, there are no studies addressing
hydrological droughts on African continent.

The American Meteorological Society (AMS) produces special reports (BAMS- Bulletin American
Meteorological Society) that determine how human induced climate change has affected the strength and
likelihood of individual extreme events. Reports (Explaining Extreme Events from a Climate Perspective)
are currently available from 2011-2018 (AMS, 2019). The 2015 special edition report presented a selection
of studies relating to extreme events such as droughts, heavy rains and storms. A climate change influence
was found to affect the strength and likelihood of extreme events in some studies and in some instances
not in others. These studies highlighted challenges attribution studies face and included the limited
observational record and some models inability to reproduce extreme events well (Herring et al., 2016).

1.2 Formulation of research objectives



1.2.1 Problem statement

Currently we know that climate change has the potential to affect droughts in South Africa and climate
change projections by the WRC (2015) emphasises the expected worsening of drought as a natural hazard
in South Africa in the future. Presently the country is prone to recurring droughts that have severe
negative socio- economic impacts (WRC, 2015). Furthermore, the WRC (2015) reports that the country’s
climate is also affected by the ENSO phenomenon, with La Nina causing above normal rainfall and El Nino
causing below normal rainfall. These factors affect regions of the country differently. This study addresses
the question of whether or not there is an influence of climate change on the 2015-2016 drought from a
water resources perspective. This means that this study does not look at just the meteorological drought,
but focuses on the hydrological and water resources consequences of that drought. Additionally,
considering that event attribution studies in Africa face severe data and model limitations, this study
evaluates the applicability of QSWAT model with generic climate datasets as a tool for rapid
implementation of hydrological attribution.

1.2.2 Aims
Determine if climate change has contributed to the 2015-2016 hydrological drought for catchments in
KwaZulu-Natal by implementing the attribution procedure using QSWAT hydrological model.

1.2.3 Objectives

® |Investigate the set-up of QSWAT model with generic global datasets for KwaZulu- Natal
catchments, to evaluate the hydrological modelling process.

e Implement the attribution procedure for hydrological responses (runoff) using QSWAT model to
ascertain if climate change has contributed to the 2015-2016 hydrological drought.

® Assess the sensitivity and limitations of the proposed attribution procedure, including applicability
of QSWAT set up with global generic datasets as a tool for rapid implementation of hydrological
attribution experiments.

® Accept or reject the stated research hypothesis.

1.2.4 Research Hypothesis
That anthropogenic climate change has contributed to the 2015- 2016 drought conditions experienced in
KwaZulu- Natal catchments.

1.2.5 Rationale

In the context of climate change event attribution studies are relevant as they potentially provide a better
understanding of the drivers of extreme events such as these studies increasing comprehension of how
and why the prevalence and extremity of extreme events has altered over time (Otto et al., 2015). These
studies could lead to model improvements which could subsequently lead to improvements in how
adequately events are represented (NAS, 2016). Furthermore, these studies are relevant as attribution of
current events assists in understanding future risk related to extreme events. The study of these events
and the human influence on these events can also provide guidance on whether these events will increase
or decrease in the future (Otto et al., 2015).



Since attribution studies can potentially provide information and evidence on climate risk (Easterling et
al., 2016) and predictions of the timelines of extreme events (NAS, 2016) this knowledge can be relevant
for adaptation activities (Easterling et al., 2016) and informing policy makers and government (Stott et al.,
2016). Consequences of extreme events can include loss of life, increases in food and energy tariffs,
increases in disaster relief costs, increases in insurance premiums, infrastructure damage, fluctuations in
property values, security concerns, negative health effects, damage of transportation networks and
negatively altered water demand and supply situations NAS (2016). These studies have the possibility of
providing information that is invaluable especially for vulnerable communities (NAS, 2016) such as in KZN.
These studies are relevant in terms of attributing responsibility for impacts of extreme events, although
not yet through legal means (litigation). Information regarding climate risks could be of use to the
insurance industry, to litigators, to policy makers and for disaster risk reduction.

Event attribution is a relatively new science, where very few studies have been done. Carbon Brief
(www.carbonbrief.org) reports that till 2018 the number of extreme weather events across the globe for

which scientists have carried out attribution studies was 257. In the past 20 years the literature up until
2018 included attribution studies of extreme heat (31%), rainfall or flooding (20%) and drought (18%)
(Carbon Brief, 2017). NAS (2016) presents the state of attribution science for extreme events (with regards
to the event type) (Figure 4). Attribution studies on hydrological droughts on African continent are few,
and obstacles for their implementation include data limitations and limited availability of hydrological
models. This study aims to contribute to the drought niche implementing attribution experiments with a
generic hydrological model.
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Figure 4: A summary of progress on extreme event attribution science in 2016 (Source: NAS,
2016)
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It is reported that in the science of event attribution a lack of geographical coverage for extreme events
and in particular for attribution of extreme events exists. A need arises to develop regional capacity to
understand attribution science and conduct attribution studies for building on local knowledge (Stott et
al., 2016). For the southern hemisphere very few studies exist (Figure 5) and for KZN no attribution study
was found during a literature search for this study.
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Figure 5: Carbon brief map of attribution studies with map legend (Source:
www.carbonbrief.org)

1.2.6 Thesis outline

The proposed thesis outline will be as follows with Chapter 1 consisting of the introduction, formulation
of research objectives and rationale of the study. Chapter 2 presents a literature review of the study
looking at drought, the SWAT model and climate change attribution. The focus of Chapter 3 will be the
study area description. Chapter 4 looks at the methodology utilised in the study including a general
framework of implementation of hydrological experiments and attribution experiments. Chapter 5
presents the results and discussion for hydrological modelling and attribution simulations. The study

concludes with chapter 6 that includes recommendations for future studies. Chapter 7 provides the
references utilized in this study.
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2. LITERATURE REVIEW

2.1 Drought

2.1.1 Types and definitions of drought

There are different types of drought that occur and these can include: meteorological drought,
hydrological drought, agricultural drought and socio- economic drought (NAS, 2016). Meteorological
drought is defined through lower than expected precipitation. Hydrological drought is defined as
shortages of surface or subsurface water resources. Agricultural droughts are described as being
comprised of aspects of meteorological or hydrological droughts that have an impact on agriculture such
as reduced crop yield as a result of low precipitation. Socio- economic drought is explained by the effects
experienced on the supply of economic goods (NAS, 2016). Figure 6 illustrates the relationship between
the above mentioned droughts.
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Figure 6: The relationship between different types of drought (Source: Wilhite, 2000)

Droughts are multifaceted. They differ geographically in location and in scale. Droughts can be extensive
and cover regions reaching sub-continental scale, but they can also be very local, and have different
implications for communities that are in close proximity to each other. Furthermore, drought intensity

can also vary strongly, from mild to severe, as expressed by the magnitude of water deficit and its
consequences (NAS, 2016).



Drought can span a range of time scales — from monthly to seasonal to annual to multi-annual to decadal,
and even to centennial (such as drought in spring and early summer in China on the centennial scale
between 1901-2013) (Huo-Po and Jian-Qi, 2015) and millennial (Australian drought 1997-2010) (Kiem et
al., 2016).

2.1.2 Climatic drivers of droughts
Droughts are complex extreme events that can be driven by multiple factors including (IPCC, 2013; NAS,
2016):

o Precipitation deficits

o Increase in temperature leading to increased evaporation and thus water deficit

Soil moisture and evapotranspiration feedbacks
o Increase in wind speed leading to increased evaporation and thus water deficit

In Africa, drought is a part of the natural climate variability spanning “intra- annual, inter- annual, decadal
and century” timescales. A number of studies found that the predominant natural factors contributing to
inducing drought conditions in the African continent is EI-Nifio Southern Oscillation (ENSO) and Sea
Surface Temperature anomalies (SSTs) (for example for southern African droughts, the southwest Indian
Ocean SST anomaly) (Masih et al., 2014). Anthropogenic factors such as climate change, aerosol
emissions, land- use practices and land- atmospheric interactions are also drought inducing mechanisms
(Masih et al., 2014).

2.1.2.1 El-Nifio Southern Oscillation (ENSO)

ENSOQ is a global climate phenomenon, occurring naturally in the climate system, where El-Nifio represents
the warm phase of ENSO and La Nina represents the cold phase of ENSO. El-Nifio is a pseudo-cyclic event
which affects the global climate every 3 to 5 years and lasts approximately 9 to 12 months. Figure 7
illustrates EI-Nifio conditions and normal conditions (Roux, 2016).
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Figure 7: Normal conditions and El-Nifo conditions (Source: Roux, 2016)



El-Nifio leads to the warming of sea surface temperatures in the equatorial Pacific Ocean which influences
atmospheric circulation and hence rainfall and temperatures in certain regions as illustrated in Figure 8
(Grobler, 2016). ENSO is considered to be a main driver of inter-annual rainfall variability, as a global
climate mode of variability (Dieppois et al., 2015). It has been observed that for SA below-normal rainfall
conditions usually occur during EI-Nifo years and for La Nina normal or above-normal rainfall conditions
occur, this is however not accepted as a rule. South Africa can be divided into numerous rainfall regions
where each region has displayed different correlations to ENSO (SAWS, n.d.). Drought conditions in South
Africa are not always associated with El-Nifio events, although most EI-Nifio years have been associated
with below-normal rainfall (SAWS, n.d.).
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Figure 8: Relationship between ENSO index and rainfall (Source: http://www.fao.org/el-
nino/en/)

2.1.2.2 Climate change

In IPCC (2013) it is reported through observations and modelling that changes to the climate system
including the warming of the atmosphere and the ocean, sea level rise and changes in the hydrological
cycle, are a consequence of anthropogenic increases in greenhouse gas (GHG) concentrations.
Anthropogenic climate change is projected to continue during this century and beyond this century
(conclusion robust for various future GHG scenarios including scenarios anticipating a reduction in
emissions) (Lavell et al., 2012). Stott et al. (2016) gives an account of the basic expectation that climate
change will alter the occurrence of some extreme events. The IPCC (2012) projects alteration in the
frequency, intensity, spatial extent and duration of climate and weather extremes including drought.
Climate is associated with certain probability distributions of weather events. Weather event values far
away from the mean such as droughts are by definition less likely to occur. These events are known as
extreme events, and extreme events in one region can be normal in another. There is evidence from
observations starting in 1950, of change in some extremes (IPCC, 2012). Schulze (2011) reported that



while there are projected changes in means of climatic variables over time, in the outer ends of
distributions of variables, critical thresholds are exceeded and extremes such as droughts occur, and
illustrates how the frequencies in extremes become significant over time when the mean of a variable
changes over time (Figure 9). Changes observed in climate extremes reflect the influence of
anthropogenic climate change as well as natural climate variability. There is medium confidence that
droughts will intensify in the 21st century due to reduced precipitation and or increased
evapotranspiration (IPCC, 2012). A recent study by Marvel et al. (2019) using reconstructions from tree
rings data and multiple observational datasets revealed that anthropogenic activities have probably been
affecting worldwide risks of drought as early as the beginning of the twentieth century.
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Figure 9: Frequencies of extreme events changing over time (Source: Schulze, 2011)

2.1.3 Drought in South Africa

2.1.3.1 Occurrence

In “A review of droughts on the African continent” droughts during 1970-1988 were found to be intense
and widespread compared to those during 1950-1969. Furthermore, the study revealed that droughts
from 1900-2013 intensified where they have become more frequent, more severe and their geospatial
coverage has increased. The study also highlighted that all regions in Africa have witnessed severe
droughts over the last few decades such as the 2010-2011 drought in East Africa, 1999-2002 drought in
North Africa, 2001-2003 drought in southern Africa and persistent droughts in Sahel during the 1970s and
1980s. In the 19" century droughts experienced by southern Africa included single and multi-year
droughts (Masih et al., 2014).

Davis-Reddy et al. (2017) provides evidence of droughts becoming more intense and widespread
throughout South Africa. One of the worst droughts reported was in 1992 where dry conditions were
amplified by excessive high temperatures and approximately 70% of crops failed. They further reported
that in 2015 South Africa experienced one of the worst droughts since 1930 when the lowest annual
rainfall amount on record was recorded with 403mm/year. Temperatures during this period were also
recorded as the hottest over the previous 10 years (Davis- Reddy et al., 2017). More recently the Western
Cape region in South Africa experienced below average rainfall for the period 2015-2017, that led to the



worst water shortages since 1904 (Botai et al. 2017, Wolski 2018, Otto et al., 2018). This water shortage
led to an extreme scenario in the City of Cape Town where it was expected the city would run out of water
“day zero” (Joubert and Ziervogel, 2019).

2.1.3.2 Impacts of droughts on SA

Droughts affect people, animals, the environment and the economy (Masih et al., 2014). The South African
Weather Service (SAWS) expresses impacts from droughts for South Africa, including the effect of
dwindling water supplies on staple crops and commercial crops. SAWS highlights that between 1992 and
1993 when the country experienced widespread drought maize had to be imported to the country. This
led to a knock on effect as crop failure led to population drift (rural areas to cities), job losses due to farm
closures and increased debt in the agricultural sector. Another serious impact is veld fires as a result of
drought. The fires destroy areas of grazing when grass is in short supply. The year 1992 saw fires destroy
thousands of hectares of grassland. In 1994 similar fires led to the loss of six people’s lives. In 2002
Mpumalanga wildfires destroyed thousands of hectares of pasture, led to the loss of people’s lives and
damages of more than R32 million rand in the province (SAWSa, n.d.). The more recent drought (2015-
2018) in the Western Cape, South Africa has seen implications for agriculture, water and settlement areas.
Key impacts included the effects on the agriculture sector through decreased availability of irrigation
water. This led to non- planting of low priority vegetables, damage to perennial crops and production
losses. Additionally depleted grazing and fodder led to necessary cattle and sheep herd size reductions
(Archer et al., 2019).

The overview of drought, including climatic drivers of drought, climate change and drought and drought
in South Africa is reviewed in this context as this study will examine if climate change has contributed to
the 2015-2016 hydrological drought in KZN, South Africa.

2.2 Climate change event attribution

Climate change event attribution studies are defined as studies determining how anthropogenic climate
change has altered the probability or magnitude of extreme events and include combining statistical
analysis with a physical understanding (IPCC, 2013). In event attribution studies different physical
variables can be studied such as drought which can be characterised by a below normal precipitation,
excessively dry soil, or reduced streamflow, floods or abnormally high rainfall, heat waves, extreme winds
etc. (NAS, 2016).

The Intergovernmental Panel on Climate Change (IPCC) (2013) in their Fifth Assessment Report (AR5)
reveals that event attribution approaches include observational records and relying on these records to
determine these changes in probability or magnitude of events, and model simulations performed to
compare the manifestation of events in a world with human caused climate change (factual) to thatin a
world without (counterfactual) (IPCC, 2013).

2.2.1 Attribution of extreme events

For extreme events, attribution can be applied to those classified as a weather extreme or a climate
related extreme (Stott et al., 2016). In one of the first studies, in 2003 a European summer heatwave that
led to the death of thousands of people was attributed to climate change (Stott et al., 2004). The analysis



of the 2003 European heatwave introduced the Fraction Attributable Risk (FAR) concept and provided a
general approach to quantifying the link between anthropogenic climate change and individual extreme
climate events. Another early attribution study was that of UK floods in 2000 conducted by Pall et al.
(2011), where a multi- step assessment of attributable risk using a physically based model was utilised.
Later, Kay et al. (2011a) used the same event analysing the same ensembles, but used a more
sophisticated hydrological model (IPCC, 2013). Rahmstorf and Coumou (2011) looked at the 2010 Russian
heatwave event and applied an empirical approach to estimate the attributable risk. For the same event
Dole et al. (2011) focused on attributable magnitude analysing external factors and their contribution
where it was considered the event was natural in origin (IPCC, 2013). In Otto et al. (2012) she links the
results of both these studies by relating the attributable risk and attributable magnitude approaches to
framing of the attribution question.

The studies listed above are keystone studies of attribution science (Stott et al., 2016). Since 2011, The
American Meteorological Society has published a special report that compiles articles on extreme weather
events of the past year (NAS, 2016). These publications establish the role of anthropogenic emissions on
extreme events from the previous year. The World Weather Attribution (WWA) network
(https://www.worldweatherattribution.org/) was established in 2014 to provide near real time analysis

of possible links between climate change and extreme events. Similarly, Carbon brief
(https://www.carbonbrief.org/data-dashboard-climate-change) has mapped all peer reviewed

attribution studies in scientific literature.

2.2.2 Attribution studies in Africa

In Africa, Lott et al. (2013) conducted the first Probabilistic Event Attribution (PEA) focusing on the East
African drought, though notoriously difficult to define. Methodology followed in the study is the ACE 2010
method developed at the Met Office Hadley Centre ACE (Attribution of Climate-related Extremes) system
for studying extremes around the globe. The study utilizes observed sea surface temperatures (SSTs), sea
ice conditions and an atmosphere model. Results from comparison of model distributions to observed
rainfall revealed no evidence for human influence on 2010 short rains. Furthermore, the study revealed
that human influence was found to increase the probability of long rains as dry as or drier than 2011 (Lott
et al., 2013).

Marthews et al. (2015) examined the 2014 drought in the horn of Africa: attribution of meteorological
drivers. The main aim of the study is to determine if human-induced climate change has played a role in
the meteorology of the 2014 East African long rains season that could have contributed to the drought in
the greater horn of Africa. The study utilized probabilistic event attribution (PEA) techniques making use
of an ensemble approach. The study concludes that an anthropogenic influence could have contributed
to drought conditions during the east African long rains (Marthews et al., 2015).

An event attribution study by Bellprat et al. (2015) looked at dry and wet rainy seasons over South Africa,
studying events because of the high socio-economic impact as a result of floods and droughts. The study
analysis utilized GCMs from CMIP5 that included all atmospheric forcing and natural forcing to determine
if human activities have altered the occurrence of such events. Study results reveal that for dry austral
summers (DJF) for South Africa during 2002/2003 the risk was increased due to human influence. The
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study also looked at the risk of a wet summer occurring during 1999/2000 and found the risk decreased.
In conclusion the study highlights the different conclusions that can arise by the different questions when
determining the attributable risk of extreme events (Bellprat et al., 2015).

Philip et al. (2018) performed an attribution analysis for the Ethiopian drought of 2015. A multimethod
attribution approach was utilized using both models and observations with the aim of assessing the
influence of large-scale climate forcing or phenomena on the probability of occurrence of an event of
interest. The study highlights that the lack of studies available at the time for the region was due to the
impact of short observational records. The study makes use of four different model setups including a
coupled model, an atmosphere-only model, large ensemble of an SST forced model and set of coupled
global climate models. Results from the study revealed that taking the model spread into account the
drought could not be clearly attributed to climate change and the soil moisture dataset utilized shows a
non-significant drying trend. In the study, ENSO correlations with rainfall suggest the primary driver of the
drought was the strong the 2015 El Nifio phenomenon (Philip et al., 2018).

Otto et al. (2018a) investigated the anthropogenic influence on the recent Western Cape drought of 2015-
2017. For the Western Cape Province 3 years of below average precipitation led to a prolonged drought.
The study determined precipitation deficit as the primary driver behind water availability and utilized a
multi-method attribution analysis to determine if climate change has altered the likelihood of this
prolonged extreme event. Multi-model ensemble results as well as observed data results illustrated an
increase of likelihood that such an event occurred because of anthropogenic climate change. Results also
further suggested that for future global warming this trend is likely to continue. The study concludes that
according to the modelling results the future increase in drought risk for the Western Cape, South Africa
is predominantly precipitation-driven (Otto et al., 2018a).

Other studies on attribution of drought events in Africa include the Rapid analysis of drought in Somalia
2016 (Jan van Oldenborgh et al., 2017) and the Severe drought in Kenya 2016-2017 (Uhe et al., 2017). The
studies examined above are of particular relevance in the context of the study area used in this study.

2.2.3 Event attribution methodology

Several methods can be utilized for event attribution and they are based on climate model simulations
and observations where user choice will determine the method and data utilized (Hauser et al., 2017).
Knutson (2017) highlights four general types of attribution methods applied practically: 1) physical
reasoning, 2) statistical analysis of time series, 3) the philosophical argument that there are no longer any
purely natural weather events and finally, 4) probabilistic event attribution, or risk-based event
attribution, using dedicated model simulations and quantification of climate change role through fraction
of attributable risk (FAR) estimation.

Physical reasoning

An example of physical reasoning can be thermodynamic arguments such as suggesting more intense
precipitation is expected in an atmosphere which holds more water vapour (O’Gorman and Schneider,
2009). A similar example would be in Trenberth (2011) where an upward shift in mean monthly
temperature would lead to a disproportionate increase in the frequency of extreme hot daily



temperatures. General physical reasoning can only lead to broad qualitative statements such as “this
extreme weather is consistent with” what is known about the human- enhanced greenhouse effect
(Hulme, 2014).

Statistical analysis of time series

This method uses statistical analysis of meteorological time series data determining if a particular weather
or climate extreme falls outside the range of what the normal or unperturbed climate might have
delivered. This method estimates the likelihood of a specified meteorological extreme occurring with no
external human forcing (Luterbacher et al., 2004). A different time series approach utilises observational
data with model simulations to determine whether trends in extreme weather predicted by climate
models have been observed in meteorological statistics (Hulme, 2014).

Philosophical argument

The argument is that since human influences on the climate system as a whole are now clearly established
e.g. as through changing atmospheric composition, there can no longer be such a thing as a purely natural
weather event. All weather is now thought to be attributable to human influence, at least to some extent
(Hulme, 2014).

Probabilistic event attribution

Probabilistic event attribution is a relatively new branch of climate science. In the seminal study, Allen
(2003) proposed the event attribution methodology which Stott et al. (2004) utilised to analyse the 2003
European heat wave. The methodology allows for quantifying the change in probability of an extreme
event caused by human alteration of the climate system. This is obtained through the use of climate model
simulations of a world with anthropogenic forcing and a world without anthropogenic forcing (Stott et al.,
2016). This methodological approach is known as “Oxford” methodology.

In this method multiple model- simulations of the climate system, first without the forcing agent/s
accused of causing the event and then with external forcing introduced into the model (Hulme, 2014). A
model is used to estimate the probability (p) of occurrence of a weather or climate event in two climate
states: one state with anthropogenic influence (p1) (forcing) and the other state without anthropogenic
influence (po) (forcing) (Stott et al., 2016). Each of those probabilities is determined from the probability
distribution function describing the variable underlying the event in model data. The two probabilities are
then compared to derive an attribution statement that describes how the chance of occurrence of the
event has changed between climate without and with anthropogenic influence (Hulme, 2014).

2.2.4 Attribution of hydrological events vs climate events

Multi- step attribution looks at attributing an observed change in a variable to changes in climate or
environmental conditions. Separate assessments attribute the change in climate conditions or
environmental conditions to external drivers. This methodology can include synthesis of observed data
and model applications. The link between climate and the variable of interest can also utilise a process



model, statistical link or downscaling (Hegerl et al., 2010). For regional application it is noted to be difficult
to separate the effects of different external forcing’s (IPCC, 2013).

Philip et al. (2019) performs an attribution experiment on both precipitation and discharge to determine
the role of climate change in the context of flooding for the area. From a meteorological perspective the
flood is explored by using precipitation data and from a hydrological perspective, using discharge data.
For comparison of attribution results of the two variables return periods and risk ratios are calculated for
the August 2017 flood in Bangladesh. Data used includes observational and model data for pre-industrial,
present and future conditions. The study uses two event definitions one for precipitation and one for
discharge. Models used for precipitation include AOGC EC-Earth 2.3 and weather@home. For discharge
the PCR-GLOBWB 2 hydrological model was used and SWAT in the context of investigating climate change
impacts on water resources. Furthermore, LISFLOOD and River flow model, hydrological models were also
used. The study methodology includes the following steps: firstly, detecting a trend by using a statistical
model, for the study trends of extreme high- precipitation and river discharge values are used. Next is the
attribution of the detected trend to global warming, natural variability or other factors such as ENSO. The
third step is calculating the risk ratio or change in probability for different time intervals. For the study a
last step in the analysis was synthesising the results into a single attribution statement. Results for the
study reveals that for precipitation two out of three of the observed series illustrated an increased
probability for extreme precipitation, the study however notes that in all three observational datasets the
trends are not significant due to short records. The change in risk for high precipitation that has occurred
since pre- industrial times are uncertain but results indicate that risk will increase significantly for the
future with 2°C global warming since pre-industrial times. Change in risk for high discharge reveals an
increase in risk since pre-industrial times to present-day conditions. Results reveal an increase in
probability of high discharge in a 2°C warmer world (Philip et al., 2019).

A multi-step, physically based probabilistic event attribution framework was presented by Pall et al.
(2011). The study used publically volunteered distributed computing that generated several thousand
seasonal-forecast-resolution climate model simulations of autumn 2000 weather under realistic
conditions and under conditions as they might have been, had greenhouse gas emissions and the resulting
warming not occurred. The study used the HadAM3-N144 atmosphere only model with sea surface
temperatures (SSTs) and sea ice as bottom boundary conditions. The study used daily river runoff as it
was a better measure for flooding than precipitation, in the context of the study. Runoff was synthesised
using a simple precipitation-runoff model derived from a coupled land-surface and river-routing scheme
with empirically estimated hydrologic parameters for the England and Wales catchments. The study used
FAR= 1-(PnonGHG/Preal) where PnonGHG represents counterfactual climate without greenhouse gas
emissions and Preal represents current day climate and where distributions of FAR (histograms) show the
increase in flood risk under realistic conditions. Results from the framework illustrated that it is very likely
that global anthropogenic greenhouse gas emissions substantially increased the risk of flood occurrence
in England and Wales in autumn 2000.

Wolski et al. (2014) uses an attribution modelling system to determine if anthropogenic greenhouse gas
emissions have contributed to weather and flood risk in the current climate. The system compares real
world climate and hydrologic simulations with parallel counterfactual simulations of the climate and



hydrological conditions that might have been, had human activities not emitted greenhouse gasses. The
study aims to address the question of whether anthropogenic climate change contributed to increasing
the risk of high flood events in the Okavango system. The study followed the attribution method
developed by Pall et al. (2011). The study performed the analysis on results of a hydrological model
(Pitman model) driven by climate variables: rainfall and temperature obtained from climate models
(HadAM3P-N96 and CAMS5.1-2degree). The method includes running a global atmospheric model (AGCM)
in two modes, the “real world” and “non-GHG world”. In the study in order to link the output of the AGCM
with the hydrological model, the AGCM data had to be downscaled. The downscaling procedure used was
SOM downscaling or SOM-D (based on self-organising maps). Downscaling was performed for only
HadAMP3P-N96 data. The study uses the “risk-based” approach, examining how the probability of
exceeding a threshold has been altered due to emissions (Stone and Allen, 2005). Assessment of change
in risk of high floods due to anthropogenic climate change is based on the method developed by Stone
and Allen (2005): FAR= 1-(PnonGHG/Preal). For the study simulations with both ACGMs illustrated
reduced probability of occurrence of high floods in the “real world” conditions so FAR results were <0, the
study therefore reversed the index definition to express the fraction of decrease in risk that is attributable
to GHG- induced climate change so FADR= 1-(Preal/PnonGHG). The study differs from other examples
such as Pall et al. (2011) and Kay et al. (2011) in that they have analysed events at time scales whilst this
study focused on the events during an entire rainy season occurring once in 4-25 years. This study was
limited to 50 ensemble members whilst the other studies used an ensemble of 1000 simulations. Results
indicated that the probability of occurrence of high floods during 2009-2011 in the current climate is likely
lower than it would have been in a climate without anthropogenic greenhouse gasses. A sensitivity
analysis indicated that the reduction in flood risk is attributed to higher temperatures in the current world,
with little difference in the rainfall simulated in the two scenarios.

Event attribution methodology and multi- step attribution studies are reviewed in the section above as
this study will utilise the risk based methodology to determine if anthropogenic climate change has altered
the chance of an extreme weather event (drought) occurring.

2.3 Soil and Water Assessment Tool (SWAT)

2.3.1 SWAT model

The Simulator for Water Resources in Rural Basins model (SWRRB) gave rise to the SWAT model, whose
development is still ongoing (Devi et al., 2015). SWAT is a watershed modelling tool that utilises an
ArcSWAT interface for itinputs (Dile et al., 2016). ArcSWAT is software is public domain but has to be used
in the licensed ArcGIS environment (Dile et al., 2016). SWAT aims to determine the impact of land
management practices on watersheds, particularly how these practices affect water, sediment and
agricultural chemical yields. SWAT has also been used for investigating pollution problems, water
availability and quality and climate change (Dile et al., 2016).

SWAT components include (Neitsch et al., 2011):

e Weather

e Surface runoff



e Return flow

e Percolation

e Evapotranspiration

e Transmission losses

e Pond & reservoir storage

o Crop growth & irrigation

e Groundwater flow

e Reach routing

e Nutrient & pesticide loading

e \Water transfer

SWAT, a physically based model requires specific information about weather, soil properties, topography,
vegetation and land management practices occurring in the watershed of interest (Neitsch et al., 2011).
Dile et al. (2016) reports that SWAT is used in approximately 100 countries with a publication record of
2772 peer-reviewed articles in March 2016, according to the SWAT publication database.

In 2016 an open source GIS interface for SWAT was introduced namely QSWAT (Dile et al., 2016). The
QSWAT model was established as a credible tool in relation to the SWAT model (Dile et. al, 2016). Few
studies were found at the time of literature search for this study, besides the case study that used Gumera
watershed in the Lake Tana basin, Ethiopia. Model results illustrated a successful performance in
simulating observed streamflow (Dile et al., 2016). QSWAT uses Python programming open source
geographic information system (QGIS) (Dile et al., 2016). Enhancements included in QSWAT not available
in ArcSWAT are a merging feature for small basins and visualisation of outputs (Dile et al., 2016). QSWAT
is installed as a plugin in QGIS. The conceptual framework is illustrated in Figure 10.
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Figure 10: Conceptual framework of QSWAT (Source: Dile et al., 2016)



QSWAT has two main components: the Control containing the code which reacts to user’s inputs and
Functions that contains the code performing certain tasks such as the merging of sub basins. QSWAT
utilises programs such as the Terrain Analysis Using Digital Elevation Models (TauDEM) that performs
geoprocessing functions. QSWAT interacts with QGIS itself using the Layers Panel and Map Canvas. From
QGIS the Geospatial Data Abstraction Library is also used where interaction with map files, rasters and
shapefiles from a computer's file system is made possible (Dile et al., 2016). The main components of
QSWAT are watershed delineation, Hydrological Response Units (HRUs), SwatEditor for model inputs and
running the SWAT model and lastly visualisation of results (Dile et al., 2016). From the Dile et al. study in
2016, QSWAT was established as a credible tool in relation to the SWAT model.

QSWAT was used in the Luvuvhu River catchment, South Africa to simulate runoff and the study concluded
that calibration produced acceptable results. The study however found that the model would be a useful
tool for general water resource assessment but not for analysing hydrological extremes (Thavhana et al,
2018). In this study we want to determine if the model could be set up generically for use in KZN
catchments and if it could be applied for use in the context of attribution.

2.3.2 SWAT studies in South Africa

In South Africa the SWAT model studies continues to increase and include the following studies: A study
by Govender and Everson (2005) aimed to determine if the SWAT model could reasonably simulate
hydrological processes in daily time steps for South African catchments. Catchments chosen were in the
KwaZulu Natal Drakensberg mountains. The study utilised observed and simulated streamflow to compare
a grassland catchment and a pine afforested catchment. For the grass catchment, simulated streamflow
was acceptable whilst for the pine afforested catchment streamflow was over simulated. The importance
of parametrizing the model as accurately and efficiently as possible was concluded in the study.
Furthermore, the study concluded that SWAT could be useful as a tool in assisting management decisions
and additionally with respect to water allocation scenarios (Govender and Everson, 2005).

In a study by Ncube and Taigbenu (2008), SWAT model was applied in the Olifants WMA assessing impacts
of human-environment interactions on streamflow outputs. The authors performed a sensitivity analysis
that identified the driving parameters of hydrology. In the catchment analysis results indicated that
modelling at small spatial scales was more representative as different areas in the watershed responded
differently to parameter changes. Results from the study displayed a correlation between land cover and
the hydrologic response. With increased land cover a streamflow reduction occurred. The study concluded
that SWAT was able to represent a South African watershed and provide a streamflow time series (Ncube
and Taigbenu, 2008).

Another study simulated transport of water through the Verlorenvlei catchment in the Western Cape
where model results compared favourably to measured flow data (Lewarne, 2009).

Andersson et al. (2011) described the potential of increasing water and nutrient availability. The study
looked at water harvesting and fertilisation utilising stored human urine (Ecosan). The study was
conducted for the Thukela River Basin. The SWAT model simulated impacts on maize yields, river flow



regimes, plant transpiration and soil and canopy evaporation. Results for the study displayed maize yields
more likely to be small with water harvesting and significant with Ecosan (Andersson et al., 2011).

In 2012 the SWAT model was used to look at impacts of rainwater harvesting on water resources. The
study area was the Modder River Basin in the Free State, South Africa. The study area faces droughts that
lead to the shortage of water for livestock, agriculture and domestic use. In the catchment, techniques
were developed for rainwater harvesting, however the hydrologic impact of this technique by farmers
were not well quantified. The model simulated potential hydrological impacts of such practices. Results
from the study were expected to assist water resource management in the area by strategic allocations
and use of water in the catchment (Welderufael et al., 2012).

The performance of SWAT was evaluated by Tetsoane (2013), by modelling of stream flow in the Modder
River Basin. The evaluation included the use of quantitative statistics and graphical techniques. Statistics
included Nash-Sutcliffe efficiency (NSE), percent bias (PBIAS), and ratio of the mean square error to the
standard deviation of measured data (RSR). Results based on calibration indicate that the model
performed well and for validation the model performed satisfactory (Tetsoane, 2013). The author
concludes that meaningful catchment predictions can be made when the model is calibrated effectively.

Perry (2014) utilised the SWAT model to determine if it could successfully simulate runoff in a
mountainous catchment. For the study observed streamflow data was obtained from the DWS. Observed
data was calibrated and validated using Sequential Uncertainty Fitting (SUFI-2) the SWAT-CUP
programme. The study concluded that the SWAT model could competently simulate streamflow data for
the catchment.

SWAT model was utilised for the Olifants Basin in South Africa where the study focused on calibration,
validation and uncertainty analysis. The study reveals the models applicability to simulate hydrology of
the basin and emphasises that it could be used as a decision support tool by water managers and other
relevant stakeholders (Gyamfi et al., 2016).

In 2017 SWAT model was applied in a study looking at Ingula Pumped Storage Scheme (IPSS) catchments,
in the KwaZulu-Natal and Free State Provinces of South Africa. The main aim of the study was to determine
the suitability of ArcSWAT for modelling mountainous, data-scarce catchments in Southern Africa. The
SWAT model was successfully calibrated and validated to simulate the stream flow responses of the IPSS
catchments on a monthly time-scale (Ngubane, 2017).

South African SWAT studies are relevant to this study as a version of the SWAT model will be used and
the study area is located in South Africa (KZN).

2.4 Literature review summary

The first section of the literature review looks at drought including the different types and definitions of
drought. The section then looks at location and scale of drought as well as intensity of drought and the
different time scales they span. The next section looks at climatic drivers of drought, discussing causes of
droughts. Masih et al. (2014) highlighted that while there was a growing number of studies on various
drought related issues in the last decade, and studies covered parts of Africa, knowledge gaps remained



such as for middle Africa where low coverage existed. Furthermore meteorological followed by
agricultural drought remained the subject of most studies and Masih et al. (2014) highlighted that
examination of hydrological droughts remained limited. Many studies investigated natural causes
associated with drought in Africa and some also examined anthropogenic factors. ENSO is examined in
the literature review as it is regarded as one of the major weather influencing factors in Africa. Climate
change as a drought influencing factor is also reviewed in the above literature review and is of particular
importance in the context of this study that aims to determine if climate change has contributed to the
2015-2016 drought in KZN. The last section on drought in the literature review looks at drought in South
Africa. Occurrence of drought in South Africa is discussed and knowledge gaps identified includes
publications on recent drought events experienced such as severe water shortages experienced in
Western Cape in 2018 that lead to a projected “day zero”. To conclude the section, impacts of droughts
on SA are examined. The next section of the literature review looks at climate change event attribution.
In this section studies determining how anthropogenic climate change has altered the probability or
magnitude of extreme events are reviewed. The section also looks at the definition of event attribution
studies and approaches of these studies. Keynote studies in attribution are then listed. The next section
is attribution of extreme events that looks at founding literature in the subject matter including
introduction of FAR- fraction of attributable risk concept. The attribution studies in Africa section follows,
and looks at African based attribution studies. An identified gap in knowledge was publications on more
recent drought events, this was however addressed with analysis of the Western Cape 2015-2017 drought
being published, and subsequently added to the review section above. The next section of the literature
review looks at event attribution methodology available for attribution studies. Methods include physical
reasoning, statistical analysis of time series, philosophical argument and probabilistic event attribution.
Gaps identified in this literature search revealed not many available studies for all listed methods.
Probabilistic event attribution method is the methodology applied in this study. The last section explores
attribution of hydrological events vs climate events. The section looks at multi-step attribution studies,
relevant as applied in this study. The final section in the literature review examines literature on the SWAT
model. The section provides an overview of the SWAT model including development, aim and current
uses. An overview of the QSWAT model is presented in the following section including the QSWAT
conceptual framework. This section has relevance for this study as it is the model used and tested in this
study. Knowledge gaps identified include very few published studies available on the QSWAT model. A
potential means to address this gap includes publication of this study being undertaken as QSWAT model
will be utilised in this study. The final section of the literature review looks at available SWAT studies in
South Africa (South African case studies), this is relevant to this study as the study area chosen for this
study is KZN located in South Africa.



3. STUDY AREA

As indicated in section 1.2.3 one of the objectives of this study is to assess the role of climate change in
the 2015-2016 hydrological drought in Kwa-Zulu Natal province of South Africa. In fact, as shown in
sections 1.1.1and 2.1.3 the 2015-2016 drought was not limited in extent to that province, but has covered
almost the entire summer rainfall region of South Africa and countries to the north of it. This study does
not look at the entire area influenced by the drought but rather examines catchments within KZN Mvoti
to Umzimkulu Water Management Area, part of the area influenced by the drought, due to the scale of
the study and data availability. Section 4.2.3.1 in the methodology chapter elaborates on the selection of
catchments.

3.1 Characteristics of Mvoti to Umzimkulu WMA

The total catchment area for Mvoti to Umzimkulu WMA is approximately 27,000 km?. The town of
Zinkwazi is where the WMA area extends from in the north to Port Edward and in the southern region
along the KwaZulu-Natal coastline and up until the Drakensberg escarpment. The Mvoti to Umzimkulu
WMA makes up one of South Africa’s primary catchments (the primary catchment “U”) (Figure 11) which
is divided into ninety quaternary catchments.

Major rivers draining in the WMA includes the Umzimkulu, Mkomazi, uMngeni and Mtamvuna. Smaller
river systems and parallel river systems also occur in the WMA and discharges into the Indian Ocean (DWS,
2015).

Quaternary catchments in Mvoti to Umzimkulu WMA

A Bl ““}‘5“ S (V20s —~NPK 3 BB Vson YA /
V1 J 2 i \ { 5 M
p s 7 Sl { bAATS G L L uaoF }—
F A== | E \ 4 Y ¢ u4oB ) X
,_A_V70D V206 8 ) S~ V508
% out / Vi X Water Management Areas of South Africa
wove 25o0e 0ovE
1 1 1
T~ a0s-] —
N L
l/"u0 )/ iy
=g /
~/ J
wovs-] Fsoaus
3500°s- ¥ p=3500s
T T T
e 250 0ovE
0 170340 680 1,020 1,360
O — m— Kilometers
W s s
= \ /
. S 2_U80G\__ U&OH\‘\/
— AN § P UBE o /
] \ TS2F (152G ) § UBOBC\ !
T ~ i kot 2 /
5 e >N . Legend
\ ) EC % \\\ ~
bty T2 S (= 520 M usoc \UE0D, [ Quaternary catchments
" " _Té0B N Ve Ny
LN TR L TeM s 7 Mvoti to Umzimkulu WMA
TRE /7 T40A Buoc Ta8c \ /5 /
0510 20 30 40
Coordinate System: GCS WGS 1984 R —— ilometers
Datum: WGS 1984
Units: Degree Date: 22-04-2019

Source: Water Resources of South Africa, 2012 Study (WR 2012) Author: Makeya Karlle

Figure 11: Mvoti to Umzimkulu WMA

3.1.1 General characteristics of the region



The total population reported in 2001 for the WMA was approximately 5.12 million people, one of the
most populated WMA'’s at the time of publication. The WMA incorporates both the Durban and
Pietermaritzburg areas which accounted for 2.5 million people alone. The population was also reported
as being distributed unevenly (Wilson, 2001). For the WMA rural areas is characterised by subsistence and
commercial farming. The areas include cultivation of sugarcane along the coast and commercial forests in
areas with higher rainfall. The WMA displays a range of diverse activities (NWRS, 2004).

Geology in the WMA (Figure 12) is comprised of Karoo sedimentary rocks that include sandstones,
mudstones, basalts, granites, tilites, dolerite intrusions and shale which all influence the topography of
the region. Furthermore, these are overlain by the Lebombo Group basalt and rhyolite extrusive rocks and
underlain by Natal Group sandstone and basement rocks (Wilson, 2001).
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Figure 12: Geology of Mvoti to Umzimkulu WMA (Source: Wilson, 2001)

Land use in the region includes forestry, grasslands, agriculture and allocations to game reserves and
parks. One of the largest reserve areas is the Drakensberg Reserve. Agriculture types that occur include
sugar cane, bananas, citrus, vegetables, beef and dairy pastures (Wilson, 2001).

Vegetation types in the region include coastal vegetation, forest, drier veld and valleys known and
bushveld. Alien vegetation known to be occurring in the WMA varies greatly in percentage and density
and includes weed species (Wilson, 2001). These alien plant species have an impact on water resources.
DWS (2015) reported thousands of varying wetlands in the WMA.

The WMA spans a range of topographic characteristics with Drakensberg Mountains in the west over
3000m and over a distance of approximately 250 km sea level in the east (Umgeni Water, 2017).

3.1.2 Climate



Various climatic conditions exist across the WMA spanning the Drakensberg Mountain and the Indian
Ocean. The area managed by Umgeni Water has been classified into 3 distinct climate zones according to
the Koppen classification (Figure 13): the alpine-type climate (Cwb) found in and along the Drakensberg
Mountains, temperate summer rain climate (Cfb) of the Midlands region and subtropical perennial rainfall
zone (Cfa) characterising the areas along the coast (Umgeni Water, 2017).
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Figure 13: Climatic Zones (Képpen Classification) for KZN (Source: Umgeni Water, 2017).

3.1.2.1 Rainfall

The WMA mean annual precipitation (MAP) ranges between 700 and 1000 mm/year, illustrated in Figure
14. The region is characterized by summer rainfall regime, with most rainfall in summer between October
and March. Inland areas display peak rainfall months as December to February and for the coastal area
from November to March. During April and September snowfall occurs in the Drakensberg mountain
region and this influences the climate in the WMA. Similarly, frost occurs during the same time period
over inland areas (Wilson, 2001).
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Figure 14: Mean annual precipitation (MAP) for KZN (Source: Umgeni Water 2017).

3.1.2.2 Temperature
Figure 15 illustrates mean annual temperature for the WMA. In the west region of the WMA temperature

ranges between 12°C and 14°C and along the coast temperature ranges between 20°C and 22°C.
Maximum temperatures are experienced in the summer months of December to February and minimum
temperatures in the winter months of June and July. The Drakensberg Mountain experiences snowfall and

frost April- September (Umgeni Water, 2017).
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Figure 15: Mean annual temperature (MAT) for KZN (Source: Umgeni Water, 2017).



3.1.2.3 Evaporation

The spatial distribution of evaporation has a similar pattern to rainfall where a relative high humidity is
experienced in summer. Potential mean annual gross evaporation ranges from 1 600 mm/year to 1 800
mm-+/year in the west to between 1 400 mm/year to 1 600 mm/year in the coastal areas (Umgeni Water,
2017).

3.1.3 Hydrology

3.1.3.1 Runoff

The mean annual runoff (MAR) is illustrated in Figure 16. The spatial distribution of MAR is highly variable
from the Drakensberg mountain range towards the coastal areas with more runoff generated from the
mountains and the coastal areas and lesser generated in the inland regions (Umgeni Water, 2017).
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Figure 16: Mean annual runoff (MAR) in mm/year for KZN (Source: Umgeni Water, 2017).

3.1.3.2 Groundwater

Groundwater discharge occurs from springs, seeps and boreholes. Almost no primary aquifers occur in
the WMA so groundwater potential is associated with structural features such as faults, joints, fractures
and dykes. There is little use of groundwater at a large scale in this WMA.



4. METHODOLOGY AND DATA

This chapter starts with presenting the general framework of implementation of hydrological attribution
experiments. This is followed by a description of the general implementation procedure of a hydrological
model and description of SWAT as a hydrological model adopted in this study. Subsequently, available
data required to implement SWAT model are described, and evaluated from the perspective of use in an
attribution study. That includes generic SWAT datasets, other generic global datasets, and various local
datasets. Following that, the SWAT configuration adopted for the study is presented. Finally, the chapter
presents a setup of attribution experiments including sections on climate attribution experiments,
downscaling, and implementation of SWAT in the attribution mode. Lastly the approach to analysis of
results of SWAT attribution simulations is presented.

4.1 General framework of implementation of hydrological attribution experiments

Figure 17 illustrates the framework or study design followed for this study. The study was initiated with
the formulation of the attribution question. Following this a hydrological event was identified namely the
2015- 2016 drought in KwaZulu-Natal. Identifying a hydrological event led to the initiation of hydrological
modelling. Hydrological model development included selection of the study area, setting up the
hydrological model (described in the section after this) and calibration of the hydrological model.
Hydrological drought attribution simulations were then implemented with the hydrological model. These
attribution simulations were based on downscaled data from climate attribution experiments with
HadAM3p global climate model available from Climate System Analysis Group (CSAG), University of Cape
Town (UCT). Lastly the study focused on interpretation of results obtained from the SWAT attribution

simulations.
aibution question  mydrotogicateve
i

Figure 17: Study design

4.2 Development of hydrological model for attribution simulations

The section below describes the process of setting up and calibration of the hydrological model used in
this study.

4.2.1 Motivation for using SWAT/QSWAT as the hydrological modelling software



There are a number of hydrological models that are used in South Africa and that can potentially be
applied in the context of attribution — two most notable ones are Pitman-WR2012 (WR2012, 2012),
Pitman-SPATSIM (SPATSIM, n.d.) and ACRU (ACRU, n.d.). They are embedded in (or associated with)
institutional setting — WRC/DHV, Rhodes University and University of KZN respectively. The models are
calibrated and have their own climate and parameter datasets. As a result, they are not very “flexible”, so
they cannot easily be applied out of context intended by their creators, or with other than their own
datasets.

This study utilizes a different hydrological model namely SWAT. SWAT is a generic hydrological model,
operating with generic (global) climate datasets. SWAT is an open source software, which is designed to
be implementable in essentially any location. As a result, it offers a good alternative to the established
hydrological models for implementation of rapid attribution studies, particularly outside of RSA, in other
African countries, where hydrological modelling base is not as well developed as that in RSA. SWAT has
been applied in RSA and elsewhere on African continent (e.g. Dile et al., 2016; Thavhana et al., 2018;
Govender and Everson, 2005; Ncube and Taigbenu, 2008; Lewarne, 2009; Andersson et al., 2011;
Welderufael et al., 2012; Tetsoane, 2013; Perry, 2014; Gyamfi et al., 2016 and Ngubane, 2017). SWAT
studies in Africa include topics such as hydrology/water balance, calibration/uncertainty, erosion, land
management, land use change, climate change, SWAT development, data and water quality. For the Nile
basin countries specifically Ethiopia, erosion studies were prevalent. In North Africa many studies looked
at the importance of water resources. In southern Africa crop modelling studies were prevalent. In Schuol
et al. (2008) the study looks at an Africa continent model using SWAT. In Easton et al. (2010) a modified
version of SWAT was used to predict runoff and sediment losses from the Blue Nile Basin (Van Griensven
etal., 2011). More recent studies include multi-site calibration and validation of SWAT with satellite-based
data for southwestern Nigeria (Odusanya et al., 2019). In South Africa, techniques for calibration and
validation of SWAT model in data scarce arid and semi-arid catchments (Northern Cape as study area)
were explored by Mengistu et al. (2019).

4.2.2 Description of SWAT hydrological model
The hydrological model utilized for this study was the QSWAT 1.4 model. Software for the QSWAT model
is available freely on the SWAT website (http://swat.tamu.edu/software/qswat/).

4.2.2.1 Representation of hydrological processes in SWAT/QSWAT

SWAT can be classified as a semi-distributed, semi-conceptual hydrological model. It represents rainfall-
runoff processes, and it has capacity to simulate the impact of land management practices on water,
sediment and agricultural chemical yields in complex watersheds with varying soils and land use and
management conditions. Spatial heterogeneity of hydrological processes is represented by dividing the
watershed into sub basins and then each sub basin is divided into HRUs delineated based on (uniform)
soil and land use. The hydrological cycle simulated by SWAT can be divided into 2 phases: land phase and
routing phase. The land phase first calculates loadings of water, sediment, nutrients and pesticides for
each HRU and for each sub basin loading is calculated by aggregating the loadings of its HRU which is then
entered into the main channel of the sub basin. Major hydrological processes of the land phase include
evapotranspiration, canopy storage, infiltration, surface runoff and sub-surface runoff. Potential
evaporation in the model is calculated by Penman-Monteith, Priestley-Taylor and Hargreaves. Surface
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runoff is estimated by modified SCS curve number method or Green-Ampt infiltration method. Infiltration
into soil is calculated by the water balance equation. Routing equations describe the movement of water,
sediment etc. through the main channel to the sub basin outlet. Catchment runoff can be routed through
the river system, from sub basins to the basin outlet using either variable storage routing method or
Muskingum River routing method.

4.2.2.2 QSWAT general implementation procedure
Figure 18 illustrates the general implementation of QSWAT. The main steps for implementation of SWAT
include:

- The process of configuring model units and derivation of model parameters that comprises:

e Watershed delineation based on DEM, with automatic identification of subbasins, stream
network and catchment outlets. Alternatively, any or all of these elements can be defined
by the user.

e Creation of Hydrological Response Units (HRU), which express a combination of classes of
soil properties, land use types and terrain slope within each sub-catchment identified in
the previous step. These can be based on the generic soil, land use and topography data,
included in the SWAT installation, or on user-defined soil, land use and topography maps.
HRUs are defined based on a set of pre-defined rules of merging and combining the input
maps.

- The process of derivation of model inputs for subbasins. This process can take as input climatic
data from scattered stations or from gridded datasets.

- The process of running or execution of the model

- The process of visualisation of results.
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Figure 18: General QSWAT implementation

It should be noted that QSWAT is implemented as a plugin within QGIS. QGIS is an open source desktop
GIS application which is available freely. QGIS features include data viewing, editing and analysis
capabilities. QGIS is also enhanced with plugins enabling tools for geoprocessing, geocoding and many
more (Dile et al., 2016). In QGIS, QSWAT utilises programs including “Terrain Analysis Using Digital
Elevation Models (TauDEM)” used for geoprocessing. QSWAT utilises QGIS tools directly by using the
“Layers Panel” and “Map Canvas”. QSWAT also makes use of the “Geospatial Data Abstraction Library” in
QGIS that allows the SWAT model to use maps, rasters and shape files on the computer.

4.2.2.3 Generic SWAT datasets

SWAT is designed to be implemented in a “generic” catchment by following a particular implementation
procedure based on generic datasets that come with the software. That generic implementation can be
modified to reflect specific local conditions and datasets. Below, the generic implementation is described.

Spatial data - model parameters



Spatial data required includes a Digital Elevation Model (DEM) used to delineate the watershed. The SWAT
website offers a manual detailing how to obtain a DEM. Options include obtaining Shuttle Radar
Topography Mission (SRTM) 90m or 30m data. 90 m data is made available from
(http://srtm.csi.cgiar.org/) and 30 m data is made available from (http://earthexplorer.usgs.gov/).
Furthermore, spatial data the model requires includes land use and soil maps. The SWAT website offers
manuals for global soil and land use data. USA soil data is also available namely SSURGO and STATSGO?2
at (http://datagateway.nrcs.usda.gov/) and the soil database which is the data required can be found at
(http://swat.tamu.edu/software/arcswat/). The SWAT global soil and land use data is available at the
WaterBase website (http://www.waterbase.org/download data.html) for maps.

Temporal data- climate and hydrological inputs

Weather datais required for the hydrological processes in SWAT. Rainfall, temperature, relative humidity,
solar radiation and wind speed data can be user-defined or, alternatively, SWAT can be run with data
generated by a built-in weather generator. The weather generator can also be used to fill data gaps.
Climate and weather data can be obtained from the SWAT website (http://globalweather.tamu.edu/).

The data available is the daily Climate Forecast System Reanalysis (CFSR) data developed by The National
Centres for Environmental Prediction (NCEP). Climate data is available for the period 1/1/1979 to
7/31/2014 and is available in both “SWAT format” and as “CSV files”. The available data is daily rainfall,
temperature, wind speed, relative humidity and solar radiation. From the Water Weather Energy
Ecosystem Project (https://www.2w2e.com/), global historical climate CRU data is also available for use
in SWAT. The CRU data available is from 1979-2005 for precipitation and temperature. Data is available
in SWAT format with a points file for precipitation and temperature.

4.2.3 Adopted SWAT configuration

While it is possible to substitute the generic SWAT DEM, soil and land cover datasets with locally-specific
ones, the time frame, scope and objectives of this project did not allow for this. The SWAT model was thus
implemented with SWAT-provided soil and land cover data, a global DEM data, with locally-specific
configuration of subbasins, and with several various climate datasets.

4.2.3.1 Delineation of subbasins for simulation with QSWAT

This study does not look at the entire area influenced by the drought but rather examines selected
catchments within KZN Mvoti to Umzimkulu WMA, part of the area influenced by the drought. This was
motivated by the limited time frame of the study and data availability.

For delineation of sub-basins SRTM 90m resolution DEM was used (Figure 19).
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Digital Elevation Model {(DEM) of Mvoti to Umzimkulu WMA :f'q:

Figure 19: Spatial coverage of the Mvoti to Umzimkulu WMA illustrated by the Digital

The SWAT delineation routine allows inserting an existing stream network or using an existing watershed.
For this study a predefined WR2012 (Bailey and Pitman, 2015) stream network was utilised. The WR2012
study describes the water resources of South Africa (described in section 4.3.3.2 below). Outlets were set
to correspond to streamflow gauges with available DWS data.

The DWS database contains records of 58 stations (Source: DWS, 2018) in the analysed WMA (drainage
region U according to DWS). Out of these, 8 stations have substantial temporal coverage of data, and

Elevation Model of the catchment area.

three were selected and used to delineate subbasins for further analyses (Table 1).

Table 1: Streamflow gauges with significant time period data (Source: DWS, 2018)

Station Place Latitude Longitude Data Available

No

U1H005 Mkomazi River @ Lot 93 1821 -29.74369 29.90494 1960-08-14 to 2018-01-26

U2H007 Lions River (Mpofana River) @ -29.44258 30.14852 1954-07-16 to 2017-11-14
Weltevreden

U2H013 Mgeni River @ Petrus Stroom -29.51261 30.09441 1960-08-10 to 2017-07-04

Figure 20 illustrates the location of the selected DWS streamflow gauges and the resulting subbasins used

in model simulations.
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Figure 20: QSWAT delineated subbasins

4.2.3.2 Delineation of Hydrological Response Units

Following the delineation of the watershed the next step in the model is creation of HRUs. The generic
SWAT soil map af_soil_2 and the land use map af_land_2 downloaded from WaterBase.org were used
(Figure 21 and Figure 22 respectively). The database (lookup tables) for these maps (global_soils and
global_landuses) are available in the QSWAT project database discussed in section 4.2.2.3.
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Figure 21: Delineated subbasins with Soil Classification
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Figure 22: Delineated subbasins with Landuse Classification

The modelled catchment was predominantly classified by the following land use classes: Water (WATR),
Urban or built up land (URMD -residential medium density), Forest (FODB- deciduous broadleaf forest and
FOEB- evergreen broadleaf forest), Rangeland (SAVA- Savanna) and Agricultural land (CRDY- dryland and
cropland pasture; CRGR-mosaic cropland/grassland and CRWO- mosaic cropland/woodland). The soil

classification for the catchment included Ferralsols (Fr- rhodic ferralsols)
luvisols).

, Lithosols and Luvisols (Lo- orthic




4.2.3.3 Climate data

In order to be able to conduct attribution simulations for the event of interest, i.e. for the 2015-2016
drought, the SWAT model needed to be run with observed climate data spanning that period. Since the
climate data included in SWAT installation, i.e. SWAT CRU and SWAT CFSR (section 4.2.2.3) did not cover
that period, another climate dataset had to be used.

WATCH WFDEI climate dataset was selected for the attribution simulations. The two other datasets, SWAT
CRU and SWAT CFSR were used in order to compare model performance when driven by different rainfall
datasets.

The WATCH project (Water and Global Change) has produced global data sets for utilisation in global and
regional studies of climate and water (WATCH, 2018). Data sets include meteorological data utilised by
hydrological models, land surface models and model outputs for the 20t" and 21° century (WATCH, 2018).
WATCH WFDEI meteorological forcing data set is generated by merging WATCH Forcing Data (WFD) and
ERA-Interim reanalysis, WFDEI standing for “WATCH Forcing Data Era-Interim”. The WFDEI data set
utilised in this study has 8 meteorological variables, with daily averages and a 0.5%x 0.5° resolution
(Weedon et al., 2014). Data available for utilisation in this study is precipitation, relative humidity,
absolute humidity, minimum temperature, maximum temperature, mean temperature, wind speed and
shortwave incoming radiation.

4.2.3.4. Hydrological data
Department of Water and Sanitation (DWS) data

DWS has a website with available verified surface water data (http://www.dwa.gov.za/Hydrology/). For

the study area all available flow gauges are discussed in section 4.3.3.1 above.

4.2.4 SWAT calibration

Calibration is defined as a procedure where the difference between model simulation and observation
are minimized. Current modelling practice requires models that are in use to be transparently described.
SWAT-CUP program (automated) is typically used for the calibration of the SWAT model. SWAT- CUP has
five different calibration procedures available including Sequential Uncertainty Fitting Version 2 (SUFI-2),
Particle Swarm Optimization (PSO), Generalised Likelihood Uncertainty Estimation (GLUE), Parameter
Solution (ParaSol) and Markov Chain Monte Carlo (MCMC) (Abbaspour et al., 2015). SUFI-2 algorithm was
used in this study for model calibration. SUFI-2 allows usage of ten different objective functions and in
this study we look at Coefficient of Determination (R?) and Nash- Sutcliffe efficiency (NSE). In Abbaspour
et al. (2015) a calibration protocol is presented, which was utilised as a guide for calibration in this study.

4.2.4.1 SWAT-CUP implementation

The automated calibration procedure included using the built model in QSWAT with the best parameter
estimates that were found from available data and literature. The best default model in terms of
simulation results was then used to initiate the calibration procedure. A basic data check was performed
to ensure all input data required was read from the saved QSWAT simulation. From the QSWAT simulation
the TxtInOut file is checked, which should be in the required SWAT-CUP format. A SWAT-CUP project was
then set up, navigating to the TxtInOut directory and the SWAT model version architecture is chosen (2012
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and 64- bit architecture for this study). SUFI-2 algorithm was then selected along with a project name and
location. The next step in SWAT-CUP was running the calibration where adjustments were made to the
following files: Par_inf.txt (where parameters were chosen to use in calibration), SUFI2_swEdit.def (start
and ending date of simulations are edited according to study data), File.cio (general watershed
information according to study model) and Observed_rch.txt (entering observed values from study data).
Furthermore, extraction files (.txt and.def files) are edited; these files correspond to output files
(output.rch, output.hru and output.sub). Var_file_rch.txt is where names of the files values extracted
should be written to (specify subbasin chosen). SUFI_extract_rch.def is where variables are identified for
extraction and corresponding subbasin specified. Lastly, files to be edited before the calibration run are
objective function files, where Observed.txt contains all observed text files information and information
regarding the calculation of objective function. The Var_file_name.txt file contains all variable names
included in the objective function. Executing the calibration procedure then required running the .bat files
(SUFI2_pre.bat, SUFI2_run.bat and SUFI2_post.bat) in that order. SUFI2_pre.bat file performs pre-
processing procedures, SUFI2_run.bat executes SUFI2_execute.exe programme which runs the
SWAT_Edit.exe and SWAT.exe files. SUFI2_post.bat runs the post-processing files (objective function
calculation, new parameters and 95ppu calculation). Calibration was executed for each subbasin used in
the study (4 iterations and 300 simulations in each iteration). Following completed simulations available
outputs are the objective function and the 95PPU for all observed variables in the objective function. After
each iteration new parameter ranges are suggested by the program for another iteration, which modifies
previous ranges focusing on the best parameter set of the current iteration. The last step implemented
was the global sensitivity analysis after each iteration performed. In this global sensitivity analysis each
parameter has a corresponding t-stat value and p-value. The larger the t-stat value and the smaller the p-
value the more sensitive the parameter. The process was continued for each subbasin until satisfactory
results were reached in the objective function. Figure 23 is the process of calibration in SWAT-CUP using
SUFI-2.
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Figure 23: Performing a calibration utilising SUFI- 2




4.2.4.2 Model performance evaluation criteria

The process of model calibration, either manual or automated, involves optimization of an objective
function (Abbaspour et al., 2006). An objective function expresses model performance, and in this
automated calibration we use the functions: coefficient of determination R? and Nash- Sutcliffe (NSE)
efficiency.

Coefficient of Determination (R?)

Coefficient of determination (Equation 1) is calculated to describe the proportion of the variance in
measured data explained by the model. R? ranges from 0 to 1 with higher values indicating less variance
error and typically values greater than 0.5 are considered acceptable (Tomy and Sumam, 2016).

RZ
?=1 (Oi - Oaver)(Pi - Paver)
[ ?:1 (Oi - Oaver) 2 Z?=1 (Pi - Paver)z]'s

Equation 1: Coefficient of Determination

O is measured values, P is predicted outputs, index i denotes time step.

Nash- Sutcliffe efficiency (NSE)

NSE (Equation 2) is a normalized statistic calculated to determine the relative magnitude of the residual
variance compared to the measured data variance (Tomy and Sumam, 2016). NSE indicates how the
simulated value, from a calibrated model represents observations (Moriasi et al., 2007).

NSE
?=1 (Yiobs _ YiSLM)Z

=1-
?=1 (YiObS _ Yimean)z

Equation 2: Nash- Sutcliffe efficiency

Y°PS is the ith observation for variable being evaluated, Yi”m is the ith simulated value of that variable,
N total number of observations.

NSE ranges from -o= to 1, with an NSE of 1 being the perfect reproduction of observed data by model. NSE
values between 0 and 1 are viewed as acceptable, and NSE values are typically qualified as follows: Good
calibration: NSE >0.75, satisfactory 0.75>NSE>0.36, unsatisfactory NSE<0.36 and <0.0 unacceptable as it
indicates the mean observed value is a better predictor than the simulated value.

4.3 Attribution experiments
One of the objectives of this thesis is to examine if anthropogenic climate change (emissions) has altered
the probability of an extreme event such as the 2015-2016 hydrological drought in KZN catchments.

The approach to address that objective follows the risk based methodology described in Stone and Allen
(2005) and described in the general attribution methodology literature (section 2.2.3) above.



In that, change in probability of the event (hydrological drought) is derived from a comparison of two sets
of hydrological simulations. One set represents hydrological responses in the analysed catchment under
|”

climate
that represent pre-industrial conditions, or conditions that would have been had there been no

factual or “current” climate. The other set represents these responses under a “counterfactua

anthropogenic emissions of greenhouse gases. The two “climates” are obtained from dedicated
attribution simulations by a global climate model. Each “climate” is represented by an ensemble (a
number) of climate model simulations that capture the range of possible climate responses under given
radiative or GHG forcing.

In detail, the procedure is implemented in the following steps:

Formulation of Attribution question and identification of hydrological event
Setting up and implementation of attribution experiments with global climate model

3. Downscaling climate variables from attribution simulations to spatial resolution appropriate to
drive SWAT hydrological model

4. Implementation of simulations with SWAT under current and counterfactual forcing

5. Analyses of outputs (simulated runoff) of SWAT simulations

4.3.1 Formulation of attribution question and identification of hydrological event

The attribution question (examining if anthropogenic climate change has altered the probability of the
2015-2016 hydrological drought in selected KZN catchments) was formulated from the study aim and
objectives described in sections 1.2.2 and 1.2.3 above. The event identified for this study was the 2015-
2016 hydrological drought in the studied catchments, expressed by the anomaly of the October-March
runoff from these catchments. Such an event definition approaches the event from impact perspective
rather than from the climate process perspective. As illustrated in the introduction, the 2015-2016
drought had a large extent, spanning a large part of South Africa, and the KZN province was strongly
affected (Figure 24). As such, the event was much larger in spatial extent than the three catchments
selected for the analyses here. The interest here is, however, in (hypothetical) impacts of the event on
water resources in the studied catchments, and thus limiting the spatial extent of the event to the
individual catchments is considered appropriate. The magnitude of the event is defined using runoff
simulated with the SWAT model forced with WATCH WFDEI climate data, as explained in section 5.2.1
below.
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Figure 24: Drought Status Overview for KwaZulu-Natal (Source:
http://www.dwa.gov.za/niwis2/DroughtStatusManagement/DroughtStatusOverview)

4.3.2 Climate attribution experiments used in this study

This study utilizes dedicated climate change attribution experiments with HadAM3P global climate model
implemented at Climate System Analysis Group. HadAM3P model is a global, atmosphere-only climate
model with a 15 min timestep, 19 vertical levels and a horizontal resolution of 1.875° by 1.25° latitude.
The model is the same as that used in Weather@Home (www.climateprediction.net) attribution
simulations. The attribution simulations performed under C20C+ Detection and Attribution experiment
and described in detail in Stone et al. (2019) were used here. Those involved continuous simulations of
climate for the 1959-2017 period under “all-histories” and “natural-histories” forcing’s. “All-hist” forcing
comprised observed sea surface temperatures and sea ice concentrations (NOAA's Optimum Interpolation
Sea Surface temperature -OISST, also known as Reynolds' SST), observed carbon dioxide concentrations
and observed anthropogenic sulphide aerosols. “Nat-hist” forcing comprised pre-industrial levels of
carbon dioxide and aerosols, and observed SST reduced by the so-called attributable anthropogenic
warming. A single attributable anthropogenic warming scenario was used that was derived from climate
change projections using coupled GCMs contributing to the CMIP5 multi-model ensemble archive.
Attribution of the Okavango floods by Wolski et al. (2014) was based on identically formulated and
implemented experiment.

4.3.3 Downscaling approach utilized in this study

Since output of the GCM attribution experiments is at relatively low spatial resolution (see section 4.3.2
and 4.3.4) and the GCM output is in general not compatible in nature with high resolution information
required to force a catchment hydrological model, GCM data needs to be downscaled. The process of
downscaling is a complex one and numerous approaches exist (Trzaska and Schnarr, 2014). Downscaling
can be applied spatially or temporally, but two approaches are commonly utilised to bridge the gap of
large- scale and local climate change scenarios namely, dynamical and statistical (empirical) downscaling.
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Dynamical downscaling includes the use of high-resolution regional climate models (RCMs) utilising lateral
boundary conditions from a GCM to obtain smaller scale information. This method is known to be
computationally intensive with large data requirements as well as expertise to implement and interpret
results. Statistical downscaling methodology includes statistical relationships between local climate
variables and large scale climate features and applying the relationship to simulate local climate in the
future. The statistical method is thought to be easily implemented and interpreted. Minimal computing
resources are required but this method relies heavily on historical climate observations. There is no single
best downscaling method; the method chosen will depend on the required spatial and temporal
resolution of outputs and climate characteristics of the impacts of interest (Trzaska and Schnarr, 2014).

No dedicated downscaling was performed for this study. Rather, this study utilized output of routine
downscaling of HadAM3P simulations carried out at CSAG.

That downscaling uses an empirical-statistical approach known as SOM-D method (Hewitson & Crane,
2006). The method is based on a relationship between rainfall (or other local, at-surface variable) and
synoptic circulation classes based on observational data. The circulation classes are obtained by
classification of synoptic fields: wind, humidity and temperature at two levels of atmosphere (500 hPa
and 700 hPa) using self-organizing maps (SOM). The relationships are then used to determine rainfall
under synoptic forcing simulated within the given GCM experiment.

The downscaling was based on WATCH WEFDEI data, and only rainfall and air temperature were
downscaled.

4.3.4 Implementation of attribution simulations with SWAT

The downscaled climate data from attribution simulations with HadAM3P model comprised a 50-member
ensemble of daily data covering the period of Jan 2015-Dec 2016, for each of the current and
counterfactual climate. The data were for grid points of the WATCH WFDEI dataset used in development
and calibration of the SWAT model in the studied catchments.

A straightforward implementation of the attribution simulations would require merging the downscaled
data for each member of the climate simulations ensemble that covers 2015-2016 period with the 1981-
2015 WATCH WFDEI data, and running SWAT with such merged data. Since there are 2 sets of simulations
with 50 members each, that would involve repeating the process of data merging, running SWAT and
saving output 100 times.

However, the period for which climate attribution simulations data are available spans the entire 2015-
2016 period, and the period of interest (the drought event) is the summer rainfall period of November
2015-March 2016 and the later period extending till the end of 2016. In such a situation it is possible to
merge the individual attribution ensemble members data into one long time series and implement just
two long simulations - one for current and one for counterfactual climate. This is possible because with
effective initialization of the model in January, the influence of the initial condition on November-March
responses will likely be minimal. Thus this approach was implemented in the study.

4.3.5 Analysis of results of SWAT attribution simulations
SWAT attribution simulations as implemented above generate streamflow for the period of Jan 2015- Dec
2016 for each of the 50 members ensemble for the two “climates”. Since the attributed event is defined



as the November 2015-March 2016 hydrological drought, the total streamflow during that period was
used as a quantitative measure for further assessment.

A measure of change in probability of the event is the fraction of attributable risk (FAR) (Equation 3),
defined as:

Po
FAR=1-(—
(m)

Equation 3: Fraction of attributable risk

Where (p1) is the probability of the event in the current climate (including climate change) and (po) is the
probability of the same event in the counterfactual climate (without anthropogenic climate change).

Another measure is the ratio (p1/po) (Equation 4) which describes how much more or less likely the event
is in the modelled climate with anthropogenic influence compared to the modelled hypothetical climate
without anthropogenic influence (Knutson 2017), and is simply called Risk Ratio:

_n
Po

RR

Equation 4: Risk Ratio

In the event attribution experiments, probabilities po and p; are associated with the occurrence of a given
event in the current and counterfactual climates are derived from the ensemble of model simulations
reflecting these climates.

Figure 25 illustrates estimation of the RR on the example of air temperatures. In that figure, a set of air
temperatures obtained from model simulations of climate conditions during the analysed event is a
distribution of values described by a probability density function (PDF). Two PDFs describe the two
simulated climates, real (actual in the nomenclature used in this study) and nonGHG (counterfactual in
this study). Probability of occurrence of the analysed event is estimated as the probability of exceedance
of that event from the probability distributions as the area of those distributions beyond a threshold

corresponding to the value of the event.
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Figure 25: Risk Ratio estimation (Source: Wolski et al., 2014)



In the context of this study the following approach is adopted in order to determine RR and FAR from
SWAT simulations in the attribution mode:

- The Nov 2015-March 2016 total runoff is extracted from streamflow time series from each of the
50 model simulation representing each of the two climates (there are two sets of 50 simulations
for current climate and counterfactual climate).

- The extracted values (50) form a distribution

- Since there is no prior knowledge on what distribution should be fitted, a test is performed where
several candidate distributions are evaluated to see which fits the data best. The best distribution
is then fitted to data.

- From this distribution the probability of the event is calculated by calculating cumulative
probability from the fitted distribution for the event. Due to errors associated with the
hydrological model, the event is defined using the model simulations rather than using actual
observations.

- The next step is to calculate uncertainties around RR and FAR values, using a bootstrapping
procedure (as per Wolski et al. 2014). A bootstrapping procedure is when a subset of values are
randomly selected from the original data, and the subset is used to fit a PDF and calculate the
probability of the event, and subsequently the RR and FAR values. The procedure is repeated 1000
times, where a distribution of RR and FAR is obtained. The median and 95% confidence interval
of this distribution is then reported. This procedure was, however, not implemented in this study
due to time constraints.



5. RESULTS AND DISCUSSION

This chapter presents the results of the study framework illustrated in chapter 4. The chapter illustrates
results for the process of implementing the hydrological model QSWAT and includes calibration results.
Subsequently, the chapter presents the results of the attribution experiment.

5.1 Hydrological modelling

5.1.1 Hydrological model performance with various meteorological datasets

The initial part of the process of implementation of the SWAT hydrological model was the evaluation of
the performance of the uncalibrated model with various rainfall datasets for simulation of hydrological
processes and runoff in the study area. In that, the SWAT model was configured with soil, land use and
topography data as described in the methodology section and three different sets of simulations were
performed, with three rainfall datasets: SWAT CFSR, SWAT CRU and WATCH WFDEI. Runoff and rainfall
was simulated and results presented below. The period of simulations range for 35-38 years across all
three datasets dependent on the available data. For each dataset simulation the model warm up period
was stipulated as 3 years.

The performance evaluation criteria used was the Coefficient of Determination and Nash-Sutcliffe
efficiency coefficient. Table 2 presents performance criteria for the 3 datasets for sub-basins 11, 4 and 2.
Comparison of simulated and observed runoff time series for each of the 3 datasets, for one subbasin (11)
is shown in Figure 26, Figure 27 and Figure 28.

Table 2: Performance of uncalibrated model forced by 3 rainfall datasets

Subbasin Reference CFSR CRU WFDEI
R? NSE R? NSE R? NSE
11 U1HO005 0.65 -0.75 0.67 0.18 0.54 0.04
U2HO013 0.70 -3.70 0.62 -1.00 0.61 0.19
2 U2H007 0.65 -7.75 0.60 -2.67 0.67 -0.09
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Figure 26: SWAT CFSR runoff for subbasin 11 vs DWS data
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Figure 28: WATCH WFDEI runoff for subbasin 11 vs DWS data

SWAT CFSR data simulations were run for 35 years with a 3 year warm up period. Initial Coefficient of
Determination for all runoff simulations was more than 0.6, regarded as acceptable. Nash- Sutcliffe
efficiency coefficient results recorded for all the runoff simulations were negative and regarded as
unacceptable.

SWAT CRU data simulations and comparisons were run for 37 years with a 3 year warm up period.
Coefficient of Determination for all runoff simulations were recorded as more than 0.6 therefore regarded
as acceptable. The majority NSE results recorded for runoff simulations were negative and therefore
regarded as unacceptable.

WATCH WEFDEI data simulations were run for 38 years with a 3 year warm up period. Coefficient of
Determination for all runoff simulations were reported as more than 0.5 illustrating a positive correlation
for the two datasets. NSE values for Sub basin 11 and Sub basin 4 were more than 0 where they are viewed
as acceptable values, whilst subbasin 2 had negative NSE, regarded as unacceptable.

Overall, subbasins 11 and 4 produced better NSE results across all datasets, while subbasin 2 performed
poorer with negative NSE values for all datasets. The Coefficient of determination results illustrated a
better performance than NSE across all basins and different datasets. Overall, subbasins 11 and 4
produced better results and this could be because of better quality of rainfall observation data for these
particular regions.

In view of the above the WATCH WFDEI dataset appears to perform similarly to, and in fact slightly better
than the other two generic SWAT datasets. But the performance is relatively poor. Itis clear that the SWAT
model cannot be applied “off-the shelf” with its generic global datasets to simulate hydrological responses



in the analysed sub-basins. There is, therefore, a need to improve the quality of simulations though model
calibration.

5.1.2 Model Calibration with adopted rainfall dataset

Calibration was performed with WATCH WFDEI data. Overall from all the data sources WATCH WFDEI
runoff simulation produced better results and similarly precipitation data had a better agreement with
DWS station data than the other 3 datasets. SWAT-CUP automatic calibration for flow was done with flow
related parameters based on the selected WATCH WFDEI simulation. Table 3 presents suggested
parameters and suggested parameter ranges.

Table 3: Calibration suggested parameter ranges

Parameter Description Suggested Range Source
ESCO.hru (-) Soil evaporation 0,1 Yan et al. (2018)
compensation factor
CN2.mgt (-) Initial SCS runoff curve -0.3,0.3 Yan et al. (2018)
number for moisture
condition 2
SOL_AWC.sol (-) Available water capacity for -0.5,0.5 Yan et al. (2018)
the soil layer (mm H,O/mm
soil)
GWQMN.gw (-) Threshold depth in shallow -0.783,0.238 Taghvaye Salimi et al. (2016)
aquifer (mm) required for 0,200 SWAT calibration techniques
return flow to occur) (swat.tamu.edu)
Mamo and Jain (2013)
GW_REVAP.gw (-) Groundwater revap 0.02,0.20 SWAT calibration techniques
coefficient (swat.tamu.edu)
Mamo and Jain (2013)
REVAMPM.gw (+) Threshold depth of water in 0,20 SWAT calibration techniques
shallow aquifer for revap to (swat.tamu.edu)
occur(mm) Mamo and Jain (2013)

Calibration was performed for 3 subbasins in the catchment namely subbasin 11, 4 and 2 (Table 4), based
on the fact that they produced the best simulations before calibration.

Table 4: Calibration fitted values

Subbasin | R? before R? after NSE before | NSE after Parameters Fitted Value
calibration | calibration | calibration | calibration
11 0.54 0.38 0.04 0.29 1: R__ESCO.bsn 0.620




:R__SOL_AWC(..).sol -0.601
:R_CN2.mgt -0.009
4 0.61 0.46 0.19 0.35 :R__ESCO.bsn 0.621
:R__SOL_AWC(..).sol -0.392
:R_CN2.mgt -0.0463
4: R__GWQMN.gw -551
5:R__GW_REVAP.gw 0.105
6: R__REVAPMN.gw 197
2 0.67 0.31 -0.09 0.03 1: R__ESCO.bsn 0.867
2: R__SOL_AWC{..).sol -0.398
3: R_CN2.mgt -0.054
4: R__GWQMN.gw 7737
5: R__GW_REVAP.gw 0.200
6: R__REVAPMN.gw 293

Figure 29 shows the calibrated WATCH WFDEI discharge for subbasin 11 compared to DWS station
U1HO0O05.



Calibrated WATCH WFDEI vs DWS U1H005
Subbasin 11
200
150
]
]
£
@
2100 — DWS_0BSERVED
é — WATCH_WFDEI
2
50 |
0
1990 2000 2010
Year

Figure 29: Calibrated WATCH WFDEI runoff for subbasin 11 vs DWS data

5.1.2.1 SWAT-CUP Automatic calibration results

SWAT-CUP automatic calibration entailed running 4 iterations with 300 simulations in each iteration, for
each subbasin. SWAT-CUP also presents supporting information such as the 95PPU plot, illustrating the
best model estimation and data bracketed by the 95PPU. Dotty Plots are also available to provide an idea
of parameter sensitivity after each simulation. SWAT- CUP calibration also includes a maps option utilised
to visually inspect the calibrated catchments to aid in analysis of the subbasins.

5.1.3 Hydrological model and calibration summary

The model setup described in chapter 4 was performed successfully as results were obtained with climate
data from various data sources. WATCH WFDEI runoff data simulations produced better results and were
therefore utilized for calibration. The study utilized automatic calibration, namely SWAT-CUP. Calibration
followed the protocol developed by Abbaspour et al. (2015) and further research revealed the best
parameters to calibrate each subbasin with and all NSE values were improved using suggested parameter
ranges. Calibration outputs included 95PPU plots, dotty plots, parameter sensitivity and visual inspection
of subbasins. Calibration was performed successfully as it improved the model performance for the
selected WATCH WFDEI climate dataset. Results after calibration for the hydrological model overall were
weak but utilized in the context of this study.

The disparities between SWAT simulations and observations are likely due to:

- The quality of the SWAT model parameter files, as in this study parameters based on global
datasets are used,

- Due to quality of WATCH WFDEI data, which too, is a global rather than local dataset,

- Possibly due to the SWAT model implemented without any water abstractions or water
management operations.

5.2 Attribution experiments



This section presents the findings on the attribution of 2015-2016 hydrological drought in selected KZN
subbasins. With the attribution data output from QSWAT the attribution analysis was performed as
described in chapter 4.

5.2.1 Event definition

Risk based attribution considers the definition of the extreme event. In this study thus far the event has
been loosely termed “2015-2016" drought. To properly define the event, it was firstly considered that the
main period when runoff occurs in the study region spans November-March, and thus the event is defined
as a total runoff in the period of November 2015-March 2016 in each of the analysed subbasins. Secondly,
it was considered that the attribution analysis is to be carried out based on simulations with the SWAT
model, which, as shown in section 5.1, does not represent hydrological processes in the catchment
perfectly. In view of that, the event magnitude for each subbasin is defined as the total discharge
simulated by SWAT under WATCH WFDEI forcing for the period 1 November 2015 to 31 March 2016. The
magnitude of the event is thus: 220.67 m3/s in SB11, 12.81 m3/sin SB4 and 3.70 m3/s in SB2. Streamflow
during the event is illustrated in Figure 30, and the magnitude of total discharges during the event in
relation to long-term discharges during that period are shown in Figure 31.
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Figure 30: Daily discharges simulated by SWAT under WATCH WFDEI rainfall, with the
drought event illustrated for SB 11 (a), SB 4(b) and SB 2(c)



8 k- 3
& a &
5 & 5
[s] [=] Q
= = =
u u u
9T0Z-5T0Z aT0Z-5T0Z 910Z-5T0Z
STOZ-FT0T STOZ-FI0Z ST0Z-F10Z
FIOZ-ETOZ FIOZ-ET0Z FIOZ-ET0Z
£10Z-ZT0Z ETOZ-ZTOT ET0Z-ZT0T
ZT0Z-TT0Z ZI0Z-TI0Z ZT0Z-TT0Z
TT0Z-0T0Z TI0Z-0T0Z TT0Z-0T0Z
ﬂ 0TOZ-600Z <t 0T0Z-600Z ~ 0TOZ-GO0T
600 BO0Z c G00Z-200Z c 600Z-B00Z
£ 800Z-00Z Ty 800Z-L00Z T 800Z-£00Z
m £00Z-9002 o £00Z-9002 o {00Z-900Z
o 900z -500Z M 900Z-5002 % 900Z-G00E
L S00Z-F00Z = SO0Z-H00Z = SO0Z-FO0T
m FO0Z-E00Z v FO0Z-E00T v FO0Z-E00T
— £00Z-z002 m E00Z-Z00Z m EQOZ-ZO0T
,._m Z00Z-T00Z Y= ZO0Z-TO0E Y= ZO0Z-TO0E
) TOOZ-000Z muo TO0Z-000Z no_go TO0Z-000Z
Wo 000Z-666T w — O00Z-6RET w - O00Z-6RET w
@© BEGTE66T 5 m EEET-REET > m EE6T-R66T >
m 866T-L66T =] B66T-L66T =] BE6T-L66T
b LEET-OGET A {GET-ORET A {GET-ORET
= 9B6T-566T © 966 T-G66T © 966T-G66T
- SG6T-PGGT o S66T-FE6T © S66T-FE6T
8 PEET-ERET ._m FEET-E66T ..m FEET-E66T
8 P soa ||
ZEET-TEET ZEET-TAET
T66T-065T T66T-066T T66T-066T
UGG L-eAa T DEET-626T DEET-626T
GERTER6T GRET-E26T 626T-E26T
BB6T-LE6T BBET-(E6T B2ET-(E6T
LB6T-\G1 IBET-BET IBET-BET
SBE1-SB61 WET-GR6ET WET-GR6ET
FET-HEET RBET-HRET SBET-HBET
el 1RET-ERET 1BET-ERET
. . i W eEeT-zEeT EBET-ZE6T EE6T-ZE6T
=] =] =] =]
RgRgRER" gmgReugno R8888gRs°
sfew afieyaag sfgw adieypag sfgw afieyoaqg
© o o)

Long term total discharge (1982-2016) for November- March for SB11 (a) SB4 (b)

and SB2(c), simulated by calibrated SWAT with WATCH WFDEI rainfall, with the value for

2015-2016 representing the hydrological drought event analysed in this study.

Figure 31



5.2.2 Results of attribution experiments

Figure 32 presents results of simulations of the Nov2015-Mar2016 streamflow for subbasin 11 (as an
example), forced by downscaled attribution experiment climate data for current climate, compared with
streamflow simulated under WATCH WFDEI forcing in the period 2013-2017. In this figure years prior to
the drought event are included to put 2015-2016 conditions in context of other, non-drought years.
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Figure 32: Results of QSWAT Subbasin 11’s streamflow simulations (50 member ensemble) for
current climate (a), and for counterfactual climate (b) compared with simulations forced by
WATCH WFDEI data

The downscaled attribution climate data reveals a peak in streamflow for 2015-2016 period for both
current climate and even more pronounced in the counterfactual climate as opposed to the WATCH
WEFDEI (observed) climate data that shows a decrease in streamflow for the 2015-2016 years, illustrative
of drought conditions experienced during this time period.



5.2.3. Attribution statement
The histograms of total Nov2015-Mar2016 streamflow for SB11 obtained from QSWAT simulations forced
by climate data from attribution experiments for current and counterfactual climate are illustrated in
Figure 33. The histograms are plotted for runoff data that are log-transformed in order to obtain a near-
normal distribution.

The inspection of the shape of the distribution in Figure 33 reveals that the histograms looked bell shaped
indicating that a normal distribution is appropriate. The assumption of normal distribution of data was
examined with the Shapiro- Wilk’s test and Kolmogorov-Smirnov (K-S) normality test (Table 5).

Table 5: Normality statistics

Subbasin Data S-W test (p-value) | K-S test
(p-value)
SB11 Counterfactual 0.116 0.111
Current 0.0007 0.029
SB4 Counterfactual 0.023 <2.2e-16
Current 2.859e-05 <2.2e-16
SB2 Counterfactual 4.894e-07 0.0018
Current 6.731e-09 3.517e-07

For the SB11, the p-values of the S-W test for counterfactual climate test is > 0.05, implying the
distribution of the data is not significantly different from the normal distribution and hence we can
assume normality with the standard 95% confidence. For the current climate, p-value is low suggests that
the data do not follow normal distribution. The K-S test produces similar results. For the two other basins,
SB4 and SB2, both texts reject normality of distribution. The inspection of the histograms and the
empirical distribution functions shown in Figure 33 indicate that the deviation from normality is due to
irregularity of the histogram rather than due to some systematic effect (such as skewness or thick tail)
that could be captured by another distribution such as Gamma. The irregularity of the empirical
distribution is likely due to the small sample size (50), and in order to proceed with calculations, the
normal distribution is accepted, and the constraint noted.

Figure 34 shows normal distributions fitted to the log-transformed data,
Parameters of the fitted distributions are shown in Table 6.

The fitted distributions for current and counterfactual climates are plotted together in Figure 35, with the
value of event (also log-transformed) superimposed.
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Figure 33: Histogram and empirical density function of simulated streamflow for SB11 for
current climate (a) and counterfactual climate (b)
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Figure 34: Normal Distributions fitted to simulated streamflows for SB 11 for current climate
data (a) and counterfactual climate (b)

Table 6: Parameters of the fitted distributions

Data Mean Standard deviation
Current Climate 2.06 0.36
Counterfactual climate 2.06 0.32

The next step was to calculate probabilities associated with the drought event obtained as a sum of SWAT
simulated discharges under WATCH WFDEI rainfall for the period of 1 Nov 2015- 31 March 2016. The value
of the event was also transformed into a log scale. The WATCH WFDEI total discharge for subbasin 11 is
220.67 m3/s and transformed to log discharge is 2.34. Figure 35 shows the probability density function
for counterfactual and current climate together with the drought event for subbasin 11.
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Figure 35: Probability density function for SB 11

From the probability density functions we calculate the probability of the event occurring under the
current climate and probability of event under counterfactual climate. For the sub-basin SB11 these are
equal to 0.78 and 0.80 respectively. Risk ratio is thus:

RR = 078 _ 0.98
0.80
And fraction of attribute risk FAR is:
FAR = 080 _ 0.03
- 0.78

The risk ratio value of <1 indicates that there is a lower risk of the event under the current climate than
under the counterfactual climate. As a result, the FAR value is negative, and thus meaningless (similarly
to values obtained by Wolski et al. 2014), as FAR by definition expresses only an increase and not decrease
in risk. FAR is thus not reported below.

In order to evaluate the uncertainty of the obtained RR, the bootstrapping procedure is normally used
(e.g. Wolski et al., 2014). However, the results presented here are based on one data point only, derived
directly from probability density functions fitted to all data. This was considered to be appropriate to the
level of analyses presented here.

The analysis above is also performed for subbasin 4 and 2 and produces the results illustrated in Table 7.



Table 7: Risk Ratios

Sub basin Drought Event (SWAT D1 Po Risk Ratio
simulated discharge) (current (counterfactual RR
climate) climate)
11 220.67 0.78 0.80 0.98
4 12.81 0.62 0.64 0.97
2 3.70 0.72 0.71 1.01

Values higher than 1 show increasing risk, values less than 1 show decrease in risk, and values close to 1
represent no change in risk. An increase in risk means a higher probability of an extreme event (drought)
occurring in the subbasin currently compared to that in the past. Results from the table indicate values
for all 3 sub-basins very close to 1, and no change in risk can be concluded and that there is no influence
of climate change on the magnitude of the drought.

5.2.4 Attribution Summary

The aim of the study was to determine if climate change has contributed to the 2015-2016 hydrological
drought for catchements in KwaZulu- Natal and this was done by exploring the implementation of the
hydrological model, QSWAT in a context of climate attribution analysis. The attribution analysis looks at
assessing an extreme event as it occurs. Risk ratio methodology was utilised, using probability of the
current climate and the probability of the counterfactual climate to determine the probability of
exceedance using a fitted normal distribution. Since the calibrated hydrological model was not performing
well, model simulations based on WATCH WFDEI observation data were used to define the drought event.
In this way, error arising from the weak performance of the model was avoided. WATCH WFDEI data is
reasonable to use in this context and provides a good representation of the drought. Due to the extreme
event being a seasonal drought the event was expressed as a seasonal total streamflow. A normal
distribution was fitted to the total seasonal streamflow simulated by the SWAT model under climate
forcing from attribution simulations of HadAM3p global climate model. This was done for each subbasin.
The analysis included working in the logarithmic space as is common practice when working with
discharge. Histograms (normal distribution) and density plots were utilised to obtain the probability
density function from which risk ratio was calculated. Normality statistics revealed that for subbasin 11
the counterfactual climate histogram followed a normal distribution whilst current climate histogram did
not follow a normal distribution and similarly for subbasin 4 and 2 normality of distribution was rejected
for S-W and K-S test. Irregularity of the distributions was likely due to the small sample size (50) and for
this study we proceeded with the normal distribution for calculations but the limitation was noted. Risk
ratios revealed that for all 3 subbasins there was no increase of risk.



6. CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion
The section below presents conclusions for the study and recommendations for future studies.

6.1.1 Hydrological modelling

Since the link between climate change and extreme weather events has been detected, interest has grown
in the attribution of hydrologic events and in particular, as in this study, droughts and their associated
impacts. The study examined the 2015-2016 KZN drought event through the actual event reports, and
through hydrological modelling with QSWAT. The first objective of this study was realized with the setup
of the hydrological model QSWAT with global, generic datasets (global_soils, global_landuse, SWAT CFSR
rainfall, SWAT CRU rainfall and WATCH WFDEI climate). The calibration procedure using SWAT- CUP was
successful in that it improved on model performance with the selected climate dataset (WATCH WFDEI)
although results produced were weak overall. The model was then utilized in this study under certain
constraints.

Consideration should be given to the fact that calibration of models at a catchment scale is challenging
because of possible uncertainties that can exist. Examples of such uncertainties include effects of
wetlands and reservoirs on hydrology and chemical transport, interaction between surface and
groundwater, occurrences of landslides and large constructions (roads, dams, tunnels, bridges) that
produce large amounts of sediment affecting water quantity and quality. The catchment during the period
of study was not free of such activities and hence model uncertainties should be considered. Calibration
results of the catchment qualified as unsatisfactory in the study indicating either bad quality of input data
or conceptual model errors in the dominant processes in the catchment. Given the complexities of a
catchment and the large number of interactive processes taking place simultaneously and consecutively
at different times and places within a catchment, and in particular, the not-locally specific, large scale
nature of the global datasets used to represent soils, land use and climate, it is good that simulated results
comply with measurements to the degree that they do.

The WATCH WFDEI dataset appears to perform similarly to, and in fact slightly better than the other two
generic SWAT datasets. But the performance is relatively poor. It is clear that the SWAT model cannot be
applied “off-the shelf” with its generic global datasets to simulate hydrological responses in the analysed
sub-basins. There is, therefore, a need to improve the quality of simulations though model calibration.

6.1.2 Attribution experiments implementation

To address objective two of the thesis, downscaled climate data for current and counterfactual climate
for grid points of the WATCH WFDEI dataset were used in the development and calibration of QSWAT
model in KZN catchments. The approach followed in the study was to merge individual attribution
ensemble members data into one long time series, implementing just two long simulations (current and
counterfactual climate). This was possible because of effective initialization of the model in January and
hence influence on the initial conditions on November-March (drought event) responses were likely to be
minimal.

6.1.3 Attribution experiments results



A drought, a climate event that evolves in its own way is attributable to a unique set of causes that is not
applicable to any other events. This study explores attribution analysis to determine if climate change has
resulted in the probability of a drought event, such as the 2015-2016 KZN drought occurring, has increased
or decreased in the future. Evaluation has been possible in the study using a moderate modelling resource
compared to as an example extreme ensemble of atmosphere ocean climate models used in other
attribution studies. Risk ratio methodology utilized in the study includes the use of fitting a normal
distribution to data where from a theoretical basis one would expect normal or gamma distributions.
Conclusions from the study are that for all three subbasins there is no increase in risk, implying no
influence of climate change on the magnitude of the drought. Based on literature explored in chapter 2
these results are slightly unexpected in the context of climate change and it should therefore be noted
that results come from a single attribution method with data from a single GCM attribution experiment.
Event attribution assessments have relevance for the occurrence of similar types of events in the future.
The above addresses objectives three and four of the thesis.

6.2 Recommendations

6.2.1 Hydrological modelling

Recommendations for a hydrologic study includes consideration of the error in measured data (especially
driving variables such as rainfall and temperature), the error in measured output variables (river
dischargers used for calibration) and the error in conceptual model (inclusion of all the physics in the
model that contributes significantly to the data). Further recommendations are that any study can be
improved with improvements of the conceptual model (soil, land and climate data) and similarly
calibration of the model can then be improved. To improve calibration, other techniques such as manual
calibration are also recommended as a technique. Another option to explore is sensitivity of input data
where a possible experiment could be modifying rainfall and temperature data by 5% and to then see the
differences produced and different errors that propagate. This experiment would ultimately look at the
uncertainty associated with input data and the resulting hydrologic response.

Furthermore, to assist in evaluating modelling results it is recommended to first analyse historical rainfall
and flow records. Additionally describing these patterns and what they reveal can assist in understanding
variability of flows.

6.2.2 Attribution

From this study a recommendation includes looking at other methods to determine risk ratio which can
include fitting a gamma distribution and using bootstrapping methodology that would include an
associated confidence interval. Furthermore increasing sample size is recommended to improve
distributions and normality statistics. Limitations of models and methods have to be considered for any
study when looking at hydrologic effects in a changing climate. Consideration includes looking at ENSO
and the effect on rainfall in the region, uncertainties inherent in the hydrological model and uncertainties
involved in the process of transforming course data outputs from GCMs to hydrological model inputs.



7. REFERENCES

e Abbaspour, K.C,, Yang, J., Maximov, |., Siber, R., Bogner, K., Mieleitner, J., Zobrist, J. and Srinivasan,
R. 2006. Modelling hydrology and water quality in the pre-alpine/alpine Thur watershed using
SWAT. Journal of Hydrology (2007)333,413-430. doi: 10.1016/j.jhydrol.2006.09.014.

e Abbaspour, K.C. 2015. SWAT- CUP: SWAT Calibration and Uncertainty Programs- A User Manual.
1-100. Available: https://swat.tamu.edu/media/114860/usermanual swatcup.pdf.

o Africa Check. 2016. Frequently asked questions about South Africa’s drought. Available:
https://africacheck.org/2016/02/03/frequently-asked-questions-about-south-africas-drought/
[16 September, 2018].

e Agricultural Catchments Research Unit (ACRU).n.d.ACRU.Available:
https://cwrr.ukzn.ac.za/resources/acru/.

e Allen, M.R. 2003. Liability for Climate Change. Nature 421, 891-892.

e American Meteorological Society (AMS). 2019. Explaining Extreme Events from a Climate

Perspective. BAMS. Available: https://www.ametsoc.org/index.cfm/ams/publications/bulletin-

of-the-american-meteorological-society-bams/explaining-extreme-events-from-a-climate-

perspective/ [2020, January 29].

® Andersson, J.C.M., Zehnder, A.J.B., Rockstrém, J. and Yang, H. 2011. Potential Impacts of Water
Harvesting and Ecological Sanitation on Crop Yield, Evaporation and River Flow Regimes in the
Thukela River Basin, South Africa. Agricultural Water Management 98(7):1113-1124. DOI:
10.1016/j.agwat.2011.02.004.

® Archer, E., Landman, W., Malherbe, J., Tadross, M. and Pretorius, S. 2019. South Africa’s winter
rainfall region drought: A region in transition?. Climate Risk Management. Volume 25, 2019,
100188. https://doi.org/10.1016/j.crm.2019.100188

e Bailey, AK., and Pitman, W.V., 2015. Water resources of South Africa 2012 study (WR2012).
WR2012 Study User’s Guide. Version 1. WRC Report No. K5/2143/1, Water Research Commission,
Pretoria.

e Bellprat, O, Lott, F. C., Gulizia, C., Parker, H. R., Pampuch, L. A., Pinto, I., ... Stott, P. A. 2015.
Unusual past dry and wet rainy seasons over Southern Africa and South America from a climate
perspective. Weather and Climate Extremes, 9, 36-46.
https://doi.org/10.1016/J.WACE.2015.07.001

e Botai, C.M., Botai, J.O., Dlamini, L.C., Zwane, N.S. and Phaduli, E. 2016. Characteristics of Droughts
in South Africa: A Case Study of Free State and North West Provinces. Water 2016, 8, 439;
doi:10.3390/w8100439.

e Botai, C.M., Botai, J.0.,, de Wit, J.P., Ncongwane, K.P. and Adeola, A.M. 2017. Drought
characteristics over the Western Cape Province, South Africa. Water, 9: 876. doi:
10.3390/w9110876

e Carbon Brief. 2017. Mapped: How climate change affects extreme weather around the world,
Attribution, July 2017. Available: https://www.carbonbrief.org/mapped-how-climate-change-
affects-extreme-weather-around-the-world [2018, May 3].



https://swat.tamu.edu/media/114860/usermanual_swatcup.pdf
https://africacheck.org/2016/02/03/frequently-asked-questions-about-south-africas-drought/
https://cwrr.ukzn.ac.za/resources/acru/
https://www.ametsoc.org/index.cfm/ams/publications/bulletin-of-the-american-meteorological-society-bams/explaining-extreme-events-from-a-climate-perspective/
https://www.ametsoc.org/index.cfm/ams/publications/bulletin-of-the-american-meteorological-society-bams/explaining-extreme-events-from-a-climate-perspective/
https://www.ametsoc.org/index.cfm/ams/publications/bulletin-of-the-american-meteorological-society-bams/explaining-extreme-events-from-a-climate-perspective/
https://doi.org/10.1016/j.crm.2019.100188
https://www.carbonbrief.org/mapped-how-climate-change-affects-extreme-weather-around-the-world%20%5B2018
https://www.carbonbrief.org/mapped-how-climate-change-affects-extreme-weather-around-the-world%20%5B2018
https://www.carbonbrief.org/mapped-how-climate-change-affects-extreme-weather-around-the-world%20%5B2018

Climateprediction.net. n.d. Welcome to the world’s largest climate modelling experiment.
Available: https://www.climateprediction.net/.

Crétat J., Richard Y., Pohl B., Rouault M., Reason C.J.C. and Fauchereau N. 2010. Recurrent daily
rainfall patterns over South Africa and associated dynamics during the core of the austral summer.
Int J Climatol 32:261-273.

Davis-Reddy, C.L. and Vincent, K. 2017. Climate Risk and Vulnerability: A Handbook for Southern
Africa (2nd Ed), CSIR, Pretoria, South Africa. 1-202. Available:
https://www.csir.co.za/sites/default/files/Documents/SADC%20Handbook Second%20Edition f
ull%20report.pdf.

Department of Environmental Affairs (DEA). 2013. Long-Term Adaptation Scenarios Flagship
Research Programme (LTAS) for South Africa. Climate Change. Pretoria, South Africa. Available:
https://www.environment.gov.za/sites/default/files/docs/climate trends bookV3.pdf. 1-69.

Department of Water and Sanitation (DWS). 2015. Drought status report November 2015. Water
Resource Information Programs. Available:
http://niwis.dws.gov.za/niwis2/Artwork/dws_drought_status_report_november_2015.pdf.  1-
11.

Department of Water and Sanitation (DWS). 2018. Hydrological Services - Surface Water (Data,
Dams, Floods and Flows), 2018. http://www.dwa.gov.za/Hydrology/ [2018, March 22].

Department of Water and Sanitation (DWS). 2019. Hydrological Services - Surface Water (Rainfall
Trends), 2019. http://www.dwa.gov.za/Hydrology/ [2019, November 20].

Devi, G. K., Ganasri, B. P., and Dwarakish, G. S. 2015. A Review on Hydrological Models. Aquatic
Procedia, 4, 1001-1007. doi: http://dx.doi.org/10.1016/j.aqpro.2015.02.126.
Dieppois, B., Rouault, M. and New, M. 2015. The impact of ENSO on Southern African rainfall in

CMIP5 ocean atmosphere coupled climate models. Clim Dyn DOI 10.1007/500382-015-2480-x. 1-
21.

Dile, Y.T., Daggupati, P., George, C., Srinivasan, R. and Arnold, J. 2016. Introducing a new open
source GIS user interface for the SWAT model. Environmental Modelling & Software 85(2016) 129-
138.

Dile, Y., Srinivasan, R. & George, C. 2017. QGIS Interface for SWAT (QSWAT), Version1.4, QSWAT,
2018. Available: https://swat.tamu.edu/software/qswat/ [2017, June 13].

Dile, Y., Srinivasan, R. and George, C. 2018. QGIS Interface for SWAT (QSWAT). Version 1.7. 1-98.
Available: https://swat.tamu.edu/media/116095/gswat-manual v17.pdf.

Dole, R., Hoerling, M., Perlwitz, J., Eischeid, J., Pegion, P.,Zhang, T., Quan, X-W., Xu, T.,and Murray,
D. 2011. Was there a basis for anticipating the 2010 Russian heat wave? GEOPHYSICAL RESEARCH
LETTERS, VOL. 38, L06702, d0i:10.1029/2010GL046582.

Easterling, D.R., Kunkel, K.E., Wehner, M.F. and Sun, L. 2016. Detection and attribution of climate
extremes in the observed record. Weather and Climate Extremes 11(2016) 17-27.

Easton, Z.M., Fuka, D.R., White, E.D., Collick, A.S., Ashagre, B. B., McCartney, M., Awulachew, S.B.,
Ahmed, A.A. and Steenhuis, T.S., 2010. A multi basin SWAT model analysis of runoff and
sedimentation in the Blue Nile, Ethiopia. Hydrology and earth system sciences 14, 1827-1841.
Food and Agriculture Organization of the United Nations (FAO). 2019. E/ Nifio Available:
http://www.fao.org/el-nino/en/ [2019, September 16].



https://www.climateprediction.net/
https://www.csir.co.za/sites/default/files/Documents/SADC%20Handbook_Second%20Edition_full%20report.pdf
https://www.csir.co.za/sites/default/files/Documents/SADC%20Handbook_Second%20Edition_full%20report.pdf
https://www.environment.gov.za/sites/default/files/docs/climate_trends_bookV3.pdf
http://www.dwa.gov.za/Hydrology/
http://www.dwa.gov.za/Hydrology/
http://dx.doi.org/10.1016/j.aqpro.2015.02.126
https://swat.tamu.edu/software/qswat/
https://swat.tamu.edu/media/116095/qswat-manual_v17.pdf
http://www.fao.org/el-nino/en/

George, C. 2015. Preparing global DEM data for QSWAT. Version 2. 1-12. Available:
https://swat.tamu.edu/media/114677/dem-preparationv2.pdf.

George, C. 2015. Preparing global soil and landuse data for QSWAT, Version 1. 1-6. Available:
http://swat.tamu.edu/media/114679/globaldatavl.pdf [2017, July 1].

George, C. 2015. Preparing global soil and landuse data for QSWAT. Version 1. 1-6.

Global Weather Data for SWAT. n.d. Climate Forecast System Reanalysis (CFSR) data, 2018.
Available: http://globalweather.tamu.edu/ [2017, June 20].

Govender, M. and Everson, C. 2005. Modelling Streamflow from Two Small South African
Experimental Catchments Using the SWAT Model. Hydrological Processes 19(3):683 - 692. DOI:
10.1002/hyp.5621.

Grobler, R. 2016. El Nino to bring less rain and more heat for SA: 5 things you need to know.
News24. Available: https://www.news24.com/Green/News/el-nino-to-bring-less-rain-and-more-
heat-for-sa-5-things-you-need-to-know-20181116 [10 May, 2019].

Gyamfi, C., Ndambuki, J.M. and Salim, R.W. 2016. Application of SWAT Model to the Olifants Basin:
Calibration, Validation and Uncertainty Analysis. Journal of Water Resource and Protection, 8,
397-410. Available: http://dx.doi.org/10.4236/jwarp.2016.83033

Hauser, M., Gudmundsson, L., Orth, R., Jézéquel, A., Haustein, K., Vautard, R., van Oldenborgh, G.
J., Wilcox, L., and Seneviratne, S. I. 2017. Methods and model dependency of extreme event
attribution:  The 2015 european  drought. Earth’s Future, 5, 1034-1043,
https://doi.org/10.1002/2017EF000612.

Hegerl, G.C., Hoegh-Guldberg, O., Casassa, G., Hoerling, M.P., Kovats, R.S., Parmesan, C., Pierce,
D.W.,, Stott, P.A. 2010: Good Practice Guidance Paper on Detection and Attribution Related to
Anthropogenic Climate Change. In: Meeting Report of the Intergovernmental Panel on Climate
Change Expert Meeting on Detection and Attribution of Anthropogenic Climate Change [Stocker,
T.F., Field, C.B., Qin, D., Barros, V., Plattner, G.K., Tignor, M., Midgley, P.M. and Ebi, K.L. (eds.)].
IPCC Working Group | Technical Support Unit, University of Bern, Bern, Switzerland.

Herring, S. C., A. Hoell, M. P. Hoerling, J. P. Kossin, C. J. Schreck Ill, and P. A. Stott, Eds. 2016.
Explaining Extreme Events of 2015 from a Climate Perspective. Bull. Amer. Meteor. Soc., 97 (12),
$1-S145. Available: https://journals.ametsoc.org/doi/pdf/10.1175/BAMS-
ExplainingExtremeEvents2015.1

Hewitson, B.C. and Crane, R.G. 2006. Consensus between GCM Climate Change Projections with
Empirical Downscaling: Precipitation Downscaling over South Africa. International Journal of
Climatology, 26, 1315-1337.https://doi.org/10.1002/joc.1314.

Hulme, M. 2014. Attributing weather extremes to ‘climate change’: A review. SAGE
journals.https://doi.org/10.1177/0309133314538644.

Huo-Po, C. and Jian-Qj, S. 2015. Drought Response to Air Temperature Change over China on the
Centennial  Scale, Atmospheric and Oceanic Science Letters, 8:3, 113-119.
https://doi.org/10.3878/A0SL20140089

Intergovernmental Panel on Climate Change (IPCC). 2012.: Summary for Policymakers. In:
Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation [Field,
C.B., Barros, V., Stocker, T.F., Qin, D., Dokken, D.J., Ebi, K.L., Mastrandrea, M.D., Mach,
K.J.,Plattner, G.K., Allen, S.K., Tignor, M., and Midgley, P.M. (eds.)]. A Special Report of Working



https://swat.tamu.edu/media/114677/dem-preparationv2.pdf
http://swat.tamu.edu/media/114679/globaldatav1.pdf
http://globalweather.tamu.edu/
http://dx.doi.org/10.4236/jwarp.2016.83033
https://doi.org/10.1002/2017EF000612
https://journals.ametsoc.org/doi/pdf/10.1175/BAMS-ExplainingExtremeEvents2015.1
https://journals.ametsoc.org/doi/pdf/10.1175/BAMS-ExplainingExtremeEvents2015.1
https://doi.org/10.1002/joc.1314
https://doi.org/10.1177/0309133314538644
https://doi.org/10.3878/AOSL20140089

Groups | and Il of the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, UK, and New York, NY, USA, pp. 3-21.

Intergovernmental Panel on Climate Change (IPCC). 2013.: Climate Change 2013: The Physical
Science Basis. Contribution of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M.,
Allen, S.K., Boschung, J., Nauels,A., Xia, Y., Bex, V., and Midgley, P.M. (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, 1535 pp.

Janvan Oldenborgh, G., van der Wiel, K., Philip, S., Kew, S., Cullen, H., Shah, K., Singh, R., van Aalst,
M., Otto, F., O'Keefe, S. and Kimutai, J. 2017. Rapid analysis of drought in Somalia, 2016. Available:
https://www.worldweatherattribution.org/somalia-drought-2016-2017/ [1 October, 2020].

Jan van Oldenborgh, G. 2018. Extreme rainfall in Japan, 2018 — a quick look. WWA. Contributors:
Otto, F.,  Singh, R., Tebaldi, C,, Kew, S. and Philip, S.  Available:
https://www.worldweatherattribution.org/a-quick-look-at-the-extreme-rainfall-in-japan/. [1
September, 2018].

Jan van Oldenborgh, G. 2018. Trends in weather extremes. WWA. Available:
https://www.worldweatherattribution.org/trends-in-weather-extremes-february-2018/. [15
September, 2018].

Joubert, L. and Ziervogel, G. 2019. Day Zero One City’s Response To A Record- Breaking Drought.
ISBN 978-0-620-839488. http://www.dayzero.org.za/

Kay, A.L., Crooks, S.M., Pall, P., Stone, D.A. 2011. Attribution of Autumn 2000 flood risk in England
to anthropogenic climate change. J. Hydrol. 406, 97-112.

Kiem, A., Johnson, F., Westra, S. 2016. The lessons we need to learn to deal with the ‘creeping
disaster’ of drought. Available: https://theconversation.com/the-lessons-we-need-to-learn-to-
deal-with-the-creeping-disaster-of-drought-68172 [10 May, 2019].

Knutson, T., Kossin, J.P, Mears, C., Perlwitz, J. and Wehner, M.F. 2017. Detection and attribution
of climate change. In: Climate Science Special Report: Fourth National Climate Assessment,
Volume | [Wuebbles, D.J., Fahey, D.W., Hibbard, K.A., Dokken, D.J., Stewart, B.C and Maycock, T.K.
(eds.)]. U.S. Global Change Research Program, Washington, DC, USA, pp. 114-132, doi:
10.7930/J01834ND.

Lavell, A., Oppenheimer, M., Diop, C., Hess, J., Lempert, R., Li, J., Muir-Wood, R., and Myeong,S.,
2012.: Climate change: new dimensions in disaster risk, exposure, vulnerability, and resilience. In:
Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation [Field,
C.B., Barros, V., Stocker,T.F., Qin, D., Dokken, D.J., Ebi, K.L.,, Mastrandrea, M.D., Mach, K.J.,
Plattner,G.K., Allen,S.K., Tignor, M. and Midgley, P.M. (eds.)]. A Special Report of Working Groups
I and Il of the Intergovernmental Panel on Climate Change (IPCC). Cambridge University Press,
Cambridge, UK, and New York, NY, USA, pp. 25-64.

Lewarne, M. 2009. Setting up ARCSWAT Hydrological model for the Verlorenvlei Catchment.
Thesis. Stellenbosch University. 1-95.

Lott, F. C., Christidis, N., & Stott, P. A. 2013. Can the 2011 East African drought be attributed to
human-induced climate change? Geophysical Research Letters, 40(6), 1177-1181.
https://doi.org/10.1002/grl.50235



https://www.worldweatherattribution.org/somalia-drought-2016-2017/
https://www.worldweatherattribution.org/a-quick-look-at-the-extreme-rainfall-in-japan/
https://www.worldweatherattribution.org/trends-in-weather-extremes-february-2018/
http://www.dayzero.org.za/
https://doi.org/10.1002/grl.50235

Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M. and Wanner, H. 2004. European seasonal
and annual temperature variability, trends and extremes since 1500. Science, 303, 1499-1503
Mamo, K.H.M. and Jain, M.K. 2013. Open Journal of Modern Hydrology, 2013, 3, 196-205.
Available: http://dx.doi.org/10.4236/0jmh.2013.34024.

Manderson, A., Kubayi, N. And Drimie, S.2016. The impact of the South African drought as
experienced by smallholder farmers over the June 2015-February 2016 period in the Mopani
district of Limpopo, South Africa. Available: http://www.southernafricafoodlab.org/wp-
content/uploads/2016/06/SAFL-Drough-Impact-Assessment-2016-Final.pdf. 1-36.

Marthews, T. R., Otto, F. E. L., Mitchell, D., Dadson, S. J., & Jones, R. G. 2015. The 2014 drought in
the horn of Africa: Attribution of meteorological drivers. Bulletin of the American Meteorological
Society, 96(12), S83-S88. https://doi.org/10.1175/BAMS-D-15-00115.1

Marvel, K., Cook, B.l., Bonfils, C., Durack, P.J., Smerdon, J.E. and Williams, A.P. 2019. Twentieth-
century hydroclimate changes consistent with human influence. Nature 569, 59-65.
https://doi.org/10.1038/s41586-019-1149-8

Masih, I., Maskey,S., F. E. F. Muss3, F.E.F. and Trambauer, P. 2014. A review of droughts on the
African continent: a geospatial and long-term perspective. Hydrol. Earth Syst. Sci., 18, 3635—-3649,
2014. doi:10.5194/hess-18-3635-2014.

Mcsweeny, R. 2015. Climate change ‘not a major influence’ on Brazil drought, study says. Carbon
Brief. Available: https://www.carbonbrief.org/climate-change-not-a-major-influence-on-brazil-
drought-study-says. [11 August, 2018].

Mcsweeny, R. 2018. Climate change made 2018 European heatwave up to ‘five times’ more likely.
Carbon Brief. Available: https://www.carbonbrief.org/climate-change-made-2018-european-
heatwave-up-to-five-times-more-likely [13 August, 2018].

Mcsweeny, R. and Pearce, R.2016. Data Dashboard: Climate. Carbon Brief. Available:
https://www.carbonbrief.org/data-dashboard-climate-change [15 October, 2018].

Mengistua, A.G., van Rensburg, L.D. and Woyessa, Y.E. 2019. Techniques for calibration and
validation of SWAT model in data scarce arid and semi-arid catchments in South Africa. Journal of
Hydrology: Regional Studies 25 (2019) 100621. https://doi.org/10.1016/j.ejrh.2019.100621
Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L., Harmel, R. D. and Veith, T. L. 2007.
Model Evaluation Guidelines For Systematic Quantification Of Accuracy In Watershed Simulations.
2007 American Society of Agricultural and Biological Engineers ISSN 0001-2351. Vol. 50(3):
885-900.

National Academies of Sciences, Engineering, and Medicine (NAS). 2016. Attribution of Extreme
Weather Events in the Context of Climate Change. \Washington, DC: The National Academies Press.
doi: 10.17226/21852.

National Water Resource Strategy (NWRS). 2004. Appendix D11 Water management area 11:
Muvoti to Umzimkulu. 1-5. Available:
http://www.dwaf.gov.za/Documents/Policies/NWRS/Sep2004/AppendixD11Mvoti-
Umzimkulu.doc

Ncube M. and Taigbenu, A.E. 2008. Application of the SWAT model to assess the impact of land
cover and land use on the hydrologic response in the Olifants Catchment. Available:
https://www.researchgate.net/publication/241871778 Application of the SWAT model to a



http://dx.doi.org/10.4236/ojmh.2013.34024
http://www.southernafricafoodlab.org/wp-content/uploads/2016/06/SAFL-Drough-Impact-Assessment-2016-Final.pdf
http://www.southernafricafoodlab.org/wp-content/uploads/2016/06/SAFL-Drough-Impact-Assessment-2016-Final.pdf
https://doi.org/10.1175/BAMS-D-15-00115.1
https://www.carbonbrief.org/climate-change-not-a-major-influence-on-brazil-drought-study-says
https://www.carbonbrief.org/climate-change-not-a-major-influence-on-brazil-drought-study-says
https://www.carbonbrief.org/climate-change-made-2018-european-heatwave-up-to-five-times-more-likely
https://www.carbonbrief.org/climate-change-made-2018-european-heatwave-up-to-five-times-more-likely
https://www.carbonbrief.org/data-dashboard-climate-change
https://doi.org/10.1016/j.ejrh.2019.100621
http://www.dwaf.gov.za/Documents/Policies/NWRS/Sep2004/AppendixD11Mvoti-Umzimkulu.doc
http://www.dwaf.gov.za/Documents/Policies/NWRS/Sep2004/AppendixD11Mvoti-Umzimkulu.doc
https://www.researchgate.net/publication/241871778_Application_of_the_SWAT_model_to_assess_the_impact_of_land_cover_and_land_use_on_the_hydrologic_response_in_the_Olifants_Catchment

ssess the impact of land cover and land use on the hydrologic response in the Olifants
Catchment.

Neitsch, S.L., Arnold, J.G, Kiniry, J.R. and Williams, J.R. 2011. Soil and Water Assessment Tool
Theoretical Documentation. Version 2009. Texas A&M University. 1-647. Available:
https://swat.tamu.edu/media/99192/swat2009-theory.pdf.

Neitsch, S.L., Arnold, J.G, Kiniry, J.R., and Williams, J.R. 2005. Soil and Water Assessment Tool
Theoretical Documentation. Version 2005. 1-494. Available:
https://swat.tamu.edu/media/1292/SWAT2005theory.pdf.

Neitsch, S.L., Arnold, J.G, Kiniry, J.R., Srinivasan, R. and Williams, J.R. 2004. Soil and Water
Assessment Tool Input/ Output File Documentation. Version 2005. 1-541.  Available:
https://swat.tamu.edu/media/1291/SWAT2005i0.pdf.

Ngubane, Z. 2017. Catchment Hydrological Modelling Using ArcSWAT: A study of the Ingula
Pumped Storage Scheme (IPSS) Catchments, South Africa. MSc. Thesis. College of Agriculture,
Engineering and Science. University of KwaZulu-Natal. 1-112.

Niang, ., Ruppel, O.C., Abdrabo, M.A., Essel, A., Lennard, C., Padgham, J. and Urquhart, P. 2014.:
Africa. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects.
Contribution of Working Group Il to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Barros, V.R., Field, C.B., Dokken, D.J., Mastrandrea, M.D., Mach, K.J., Bilir, T.E.,
Chatterjee, M., Ebi, K.L., Estrada, Y.0., Genova, R.C., Girma, B., Kissel, E.S., Levy, A.N,,
MacCracken,S., Mastrandrea, P.R. and White, L.L. (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, pp. 1199-1265.

Odusanya, A.E., Mehdi, B., Schiirz, C., Oke, A.O., Awokola, O.S., Awomeso, J.A., Adejuwon, J.O.
and Schulz, K. 2019. Multi-site calibration and validation of SWAT with satellite-based
evapotranspiration in a data-sparse catchment in southwestern Nigeria. Hydrol. Earth Syst. Sci.,
23,1113-1144, 2019. https://doi.org/10.5194/hess-23-1113-2019

O’Gorman, P.A. and Schneider, T. 2009. The physical basis for increases in precipitation extremes
in simulations of 21st century climate change. Proceedings of the National Academy of Sciences.
106, 14773-14777

Otto, F.E.L., Massey, N., van Oldenborgh, G.J., Jones, R.G., Allen, M.R. 2012. Reconciling two
approaches to attribution of the 2010 Russian heat wave. Geophys. Res. Lett. 39, L04702.

Otto, F.E.L. et al., 2015. Attribution of extreme weather events in Africa: a preliminary exploration
of the science and policy implications. 531-543.

Otto, F.E.L., Wolski, P., Lehner, F., Tebaldi, C., Jan van Oldenborgh, G., Hogesteeger, S., Singh, R.,
Holden, P., Fuckar, N.S., Odoulami, R.C., and New, M. 2018. Likelihood of Cape Town water crisis
tripled by climate change. WWA. Available: https://www.worldweatherattribution.org/the-role-
of-climate-change-in-the-2015-2017-drought-in-the-western-cape-of-south-africa/ [20 August,
2018].

Otto, F. E. L., Wolski, P., Lehner, F., Tebaldi, C., van Oldenborgh, G. J., Hogesteeger, S., ... New, M.
2018a. Anthropogenic influence on the drivers of the Western Cape drought 2015-2017.
Environmental Research Letters, 13(12), 124010. https://doi.org/10.1088/1748-9326/aae9f9.
Pall, P., Aina, T., Stone, D.A., Stott, P.A., Nozawa, T., Hilberts, A.G.J., Lohmann, D., Allen, M.R.2011.
Anthropogenic greenhouse gas contribution to flood risk in England and Wales in Autumn 2000.
Nature 470, 382-385.



https://www.researchgate.net/publication/241871778_Application_of_the_SWAT_model_to_assess_the_impact_of_land_cover_and_land_use_on_the_hydrologic_response_in_the_Olifants_Catchment
https://www.researchgate.net/publication/241871778_Application_of_the_SWAT_model_to_assess_the_impact_of_land_cover_and_land_use_on_the_hydrologic_response_in_the_Olifants_Catchment
https://swat.tamu.edu/media/99192/swat2009-theory.pdf
https://swat.tamu.edu/media/1292/SWAT2005theory.pdf
https://swat.tamu.edu/media/1291/SWAT2005io.pdf
https://doi.org/10.5194/hess-23-1113-2019
https://doi.org/10.5194/hess-23-1113-2019
https://www.worldweatherattribution.org/the-role-of-climate-change-in-the-2015-2017-drought-in-the-western-cape-of-south-africa/
https://www.worldweatherattribution.org/the-role-of-climate-change-in-the-2015-2017-drought-in-the-western-cape-of-south-africa/
https://doi.org/10.1088/1748-9326/aae9f9

Perry, K.A. 2014. Application of the SWAT hydrological model in a small, mountainous catchment
in South Africa. MSc. Thesis. Faculty of Natural and Agricultural Sciences. University of Pretoria.
1-79.

Philip, S., Kew, S. F., Jan van Oldenborgh, G., Otto, F., O'Keefe, S., Haustein, K., ... Cullen, H. 2018.
Attribution Analysis of the Ethiopian Drought of 2015. Journal of Climate, 31(6), 2465-2486.
https://doi.orq/10.1175/JCLI-D-17-0274.1

Philip, S., Sparrow, S., Kew, S.F., van der Wiel, K., Wanders, N., Singh, R., Hassan, A., Mohammed,
K., Javid, H., ...Jan van Oldenborgh, J. 2019. Attributing the 2017 Bangladesh floods from
meteorological and hydrological perspectives. Hydrol. Earth Syst. Sci., 23, 1409-1429, 2019.
https://doi.org/10.5194/hess-23-1409-2019 .

Rahmstorf, S. and Coumou, D. 2011. Increase of extreme events in a warming world. PNAS.
https://doi.org/10.1073/pnas.1101766108.

Roux, J. 2016. What is El Nifio, the event contributing to South Africa’s current drought African
Climate Reality Project. Available: http://climatereality.co.za/what-is-el-nino/ [21 September,
2018].

Schulze, R.E. 2011. Climate Change and the South African Water Sector: Terminology. In: Schulze,
R.E. 2011. A 2011 Perspective on Climate Change and the South African Water Sector. \Water
Research Commission, Pretoria, RSA, WRC Report TT 518/12, Chapter 1.3, 13 -17.

Schuol, J., Abbaspour, K.C., Yang, H., Srinivasan, R. and Zehnder, A.J.B. 2008. Modeling blue and
green water availability in Africa. WATER RESOURCES RESEARCH. 10.1029/2007WR006609.

Soil and Water Assessment Tool (SWAT) n.d. QSWAT, 2018. Available:
http://swat.tamu.edu/software/qswat/ [2017, May 20].

South African Weather Service (SAWS). n.d. How does ENSO affect South Africa? Available:
http://www.weathersa.co.za/learning/climate-questions/35-how-does-enso-affect-south-africa
[21 September, 2018].

South African Weather Service (SAWSa). n.d. Available: What kind of droughts does South Africa
experience? http://www.weathersa.co.za/learning/climate-questions/36-what-kind-of-
droughts-does-south-africa-experience [25 March, 2018].

SPatial And Time Series Information Modelling framework (SPATSIM). n.d. SPatial And Time Series
Information Modelling framework (SPATSIM). Available:
https://www.ru.ac.za/iwr/research/software/.

Stone, D.A., and Allen, M.R. 2005. The End-to-end attribution problem: from emissions to impacts.
Climatic Change 71, 303-318.

Stone, D.A., Christidis, N., Folland, C., Perkins-Kirkpatrick, S., Perlwitz, J...Tadross, M. 2019.
Experiment design of the International CLIVAR C20C+ Detection and Attribution project.
ScienceDirect: = Weather and Climate Extremes.  Volume 24,  June 2019,
100206.https://doi.org/10.1016/j.wace.2019.100206.

Stott, P.A., Stone, D.A., Allen, M.R. 2004. Human contribution to European heatwave of 2003.
Nature 432, 610-614.

Stott, P.A., Christidis, N., Otto, F.E.L., Sun,Y., Vanderlinden, J.P., van Oldenborgh, G.J., Vautard, R.,
von Storch, H., Walton, P., Yiou, P., and. Zwiers, F.W .2016. Attribution of extreme weather and
climate-related events. WIREs Clim Change 2016, 7:23-41. doi: 10.1002/wcc.380.



https://doi.org/10.1175/JCLI-D-17-0274.1
https://doi.org/10.1175/JCLI-D-17-0274.1
https://doi.org/10.1175/JCLI-D-17-0274.1
https://doi.org/10.5194/hess-23-1409-2019
https://doi.org/10.1073/pnas.1101766108
http://climatereality.co.za/what-is-el-nino/
http://swat.tamu.edu/software/qswat/
http://www.weathersa.co.za/learning/climate-questions/35-how-does-enso-affect-south-africa
http://www.weathersa.co.za/learning/climate-questions/36-what-kind-of-droughts-does-south-africa-experience
http://www.weathersa.co.za/learning/climate-questions/36-what-kind-of-droughts-does-south-africa-experience
https://www.ru.ac.za/iwr/research/software/
https://doi.org/10.1016/j.wace.2019.100206

https://www.nda.agric.za/doaDev/sideMenu/others/CCDM/docs/Drought%20Presentation%20-
%20DAFF%20Drought%20Indaba%20-%20NDMC.pdf. 1-25.

Salimi, E.T., Nohegar, A., Malekian, A., Hosseini, M. and Holisaz, A. 2015. Runoff simulation using
SWAT model and SUFI-2 algorithm (Case study: Shafaroud watershed, Guilan Province, Iran).
Caspian J. Environ. Sci. 2016, Vol. 14 No.1 pp. 69-80.

Tetsoane, S.T. 2013. Evaluation Of The SWAT Model In Simulating Catchment Hydrology: Case
Study Of The Modder River Basin. Central University of Technology, Free State, South Africa.
Available:
http://ir.cut.ac.za/bitstream/handle/11462/195/Tetsoane%2C%20Samuel%20Tshehla.pdf?sequ
ence=1&isAllowed=y.

Thavhanaa, M.P., Savageb, M.J. and Moeletsia, M.E. 2018. SWAT model uncertainty analysis,
calibration and validation for runoff simulation in the Luvuvhu River catchment, South Africa.
Physics and  Chemistry of the Earth 105 (2018) 115-124. Available:
https://doi.org/10.1016/j.pce.2018.03.012

Tomy, T. and Sumam, K. S. 2016. Determining the Adequacy of CFSR Data for Rainfall-Runoff
Modeling Using SWAT. ScienceDirect. Procedia Technology 24 (2016) 309 — 3.

Trenberth, K.E. 2011. Attribution of climate variations and trends to human influences and natural
variability. WIREs Climate Change 2(6), 925-930

Trzaska, S. and Schnarr, E. 2014. A review of downscaling methods for climate change projections.
USAID. Available:
https://www.climatelinks.org/sites/default/files/asset/document/Downscaling CLEARED.pdf. 1-
56.

Uhe, P., Philip, S., Kew, S., Shah, K., Kimutai, J., van Oldenborgh, G.J., Singh, R., Arrighi, J., Cullen,
H. and Otto, F.E.L. 2017. Severe drought in Kenya, 2016-17. Available:
https://www.worldweatherattribution.org/kenya-drought-2016/ [1 October, 2020].

Umgeni Water’s comprehensive 2016 Infrastructure Master Plan (Umgeni Water 2017). 2017. The
2017 Infrastructure Master Plan. Available: http://www.umgeni.co.za/projects/infra-
structuremasterplans/docs/2017/section5.pdf [24 May 2019].

University of Texas at Austin. 2017. New research could predict La Nina drought years in advance.
Available: https://phys.org/news/2017-11-la-nina-drought-years-advance.html [24 May 2019].
USGS. n.d. SRTM 1 Arc- Second Global, EarthExplorer Data, 2018. http://earthexplorer.usgs.gov/
[2017, May 22].

Van Griensven, A, Kilonzo, F., Ndomba, P. and Gassman, P. 2011. Current Application Trends and
Data Challeneges Regarding the Use of the Soil and Water Assessment Tool (SWAT) in Africa.
Available: https://swat.tamu.edu/media/39944/ndomba.pdf [11 Nov, 2019]

Water and Global Change (WATCH) Website.2007. Available: http://www.eu-watch.org/ [05
April, 2018].

Water Research Commission (WRC). 2015. Drought Fact Sheet 1: Background to current drought

situation in South Africa. Available: www.droughtsa.org.za.

Water Resources of South Africa, 2012 Study (WR2012). 2012. Water Resources of South Africa,
2012 Study (WR2012), 2018. Available: http://waterresourceswr2012.co.za/ [2017, May 22].



https://www.nda.agric.za/doaDev/sideMenu/others/CCDM/docs/Drought%20Presentation%20-%20DAFF%20Drought%20Indaba%20-%20NDMC.pdf
https://www.nda.agric.za/doaDev/sideMenu/others/CCDM/docs/Drought%20Presentation%20-%20DAFF%20Drought%20Indaba%20-%20NDMC.pdf
http://ir.cut.ac.za/bitstream/handle/11462/195/Tetsoane%2C%20Samuel%20Tshehla.pdf?sequence=1&isAllowed=y
http://ir.cut.ac.za/bitstream/handle/11462/195/Tetsoane%2C%20Samuel%20Tshehla.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.pce.2018.03.012
https://www.climatelinks.org/sites/default/files/asset/document/Downscaling_CLEARED.pdf
https://www.worldweatherattribution.org/kenya-drought-2016/
http://www.umgeni.co.za/projects/infra-structuremasterplans/docs/2017/section5.pdf
http://www.umgeni.co.za/projects/infra-structuremasterplans/docs/2017/section5.pdf
https://phys.org/news/2017-11-la-nina-drought-years-advance.html
http://earthexplorer.usgs.gov/
http://www.eu-watch.org/
http://www.droughtsa.org.za/
http://waterresourceswr2012.co.za/

WaterBase n.d. Datasets, 2018. Available: http://www.waterbase.org/download data.html
[2017, June 13].

Water Weather Energy Ecosystem Project. 2019. Available: https://www.2w2e.com/ [2019,
September 19].

Weedon, G.P., Balsamo, G., Bellouin, N., Gomes, S., Best, M.J. and Viterbo, P., 2014. The WFDEI
meteorological forcing data set: WATCH Forcing Data methodology applied to ERA-Interim
reanalysis data. Water Resources Research, 50, doi:10.1002/2014WR015638.

Welderufael, W., Woyessa, Y., Edossa, D.C. 2013. Impact of rainwater harvesting on water
resources of the modder river basin, central region of South Africa. Agricultural Water
Management 116:218-227. DOI: 10.1016/j.agwat.2012.07.012.

Wilhite, D. 2000. Chapter 1 Drought as a Natural Hazard: Concepts and Definitions. Drought
Mitigation Center Faculty Publications, Paper 69. [Online]. Available:
http://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1068&context=droughtfacpub.
[2020, October 8].

Wilson, A.). 2001. Appendix A. Mvoti to Umzimkulu Water Management Area: Situational
Assessment. 1-70. Available:
http://www.dwaf.gov.za/Documents/Other/CMA/Mvoti/SA AppendixA Mvoti.doc

Wolski, P., Stone, D., Tadross, M., Wehner, M. and Hewitson, B. 2014. Attribution of floods in the
Okavango basin, Southern Africa. Journal of Hydrology 511 (2014)350-358.

Wolski, P. 2018. How severe is Cape Town’s “Day Zero” drought? Significance, 15: 24-27 doi:
10.1111/j.1740-9713.2018.01127.x

World Weather Attribution (WWA) website. 2015. Available:
https://www.worldweatherattribution.org/ [15 July, 2017]

World Weather Attribution (WWA). 2018. Heatwave in northern Europe, summer 2018. Available:
https://www.worldweatherattribution.org/attribution-of-the-2018-heat-in-northern-europe/
[12 August, 2018].

World Weather Attribution (WWA). 2018. Likelihood of Cape Town water crisis tripled by climate
change, WWA, July 2018. Available:_https://www.worldweatherattribution.org/analyses/the-

role-of-climate-change-in-the-2015-2017-drought-in-the-western-cape-of-south-africa/ [2018,
August 22].

WWEF-SA .2016. Water: Facts & Futures Authors: Colvin, C., Muruven, D., Lindley, D., Gordon, H.,
and Schachtschneider, K. Available:
http://awsassets.wwf.org.za/downloads/wwf009_waterfactsandfutures_report_web__lowres_.
pdf.

Yan, T., Bai, J., Lee Zhi Yi, A. and Shen, Z. 2018. SWAT-Simulated Streamflow Responses to Climate
Variability and Human Activities in the Miyun Reservoir Basin by Considering Streamflow

components. 1-7.


http://www.waterbase.org/download_data.html
https://www.2w2e.com/
http://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1068&context=droughtfacpub.%5B2020
http://www.dwaf.gov.za/Documents/Other/CMA/Mvoti/SA_AppendixA_Mvoti.doc
https://www.worldweatherattribution.org/
https://www.worldweatherattribution.org/attribution-of-the-2018-heat-in-northern-europe/
https://www.worldweatherattribution.org/analyses/the-role-of-climate-change-in-the-2015-2017-drought-in-the-western-cape-of-south-africa/
https://www.worldweatherattribution.org/analyses/the-role-of-climate-change-in-the-2015-2017-drought-in-the-western-cape-of-south-africa/



