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Abstract

Droughts have been identified as recurring natural hazards in various parts of the
world. The study region is in a semi-arid area and this area exhibits high climate
variability, and the frequency of this variability has been increasing in recent years.
The present study was conducted to analyse the spatiotemporal distribution of
extreme rainfall events in the central region of southern Africa. Rainfall data used in
this research was obtained from the Botswana Meteorological Office and the South
African Weather Service. The analysis spans a period from 1970 to 2019. Climate data
obtained from the two meteorological offices was analysed using three methods,
Standardized Precipitation Index (SPI), Inverse Discrete Weighing (IDW) and Ordinary
Kriging (OK). The interpolation methods used in this study were applied to spatially
distributed precipitation data. Based on the results of the study, various drought
occurrences have been identified at the weather stations. In the study region, normal
drought conditions prevail, followed by moderately dry drought conditions. The EI Nifio
years that coincide with droughts in the study region are 1963/1964, 1994/1995,
2002/2003, 2004/2005, 2006/2007, 2015/2016. As per SPI calculations, the years
1991 and 1992 had more than 10 weather stations experiencing dry drought
conditions. The years 1999 and 2005 had the most weather stations recording the
occurrence of wet drought conditions. The average precipitation of the area shows that
the region is experiencing a decrease in precipitation at the rate of change of -2.42.
This study has provided new insights into the occurrence of droughts and floods in
central southern Africa and has further indicated there has been an increase in the
frequency and intensity of droughts in this region over recent decades.

Keywords: Inverse Distance Weighing, Ordinary Kriging, Droughts, Standardised
Precipitation Index, Frequency, Southern Africa.
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Chapter 1: INTRODUCTION

1.1. Background to the study

Characteristics of extreme climate events are anticipated to change as global average
temperatures increase, heightening the frequency and severity of extreme climate
events (Ummenhofer and Meehl, 2017; Giorgi et al., 2019; Guo et al., 2019; Mbokodo
et al., 2020). One of the greatest concerns which arise due to climate change is the
response of the Earth’s hydrological system (Giorgi et al., 2019). There have been
continual changes in the spatiotemporal patterns of precipitation, and for most regions
in the world, there has been an increase in the occurrence of droughts and floods (Guo
et al.,, 2019). Droughts are defined as prolonged periods of precipitation that is

significantly below the mean (Hanel et al., 2018; Haile et al., 2020).

Droughts are classified into four categories: Meteorological, Hydrological, Agricultural
and Socio-economic droughts (Wang et al., 2016; Sun et al., 2019). Meteorological
droughts are defined by the degree of dryness, as compared to the normal or an
average amount, as well as the duration of the dry conditions (Depsky and Pons,
2020). Hydrological droughts are associated with the effects of precipitation deficits on
surface or subsurface water supply (Alvarez-Garreton et al., 2021). Agricultural
droughts are associated with the different characteristics of hydrological or
meteorological droughts to agricultural impacts, focusing on precipitation shortages,
lack of soil moisture, reduced groundwater levels, and the differences between actual
and potential evapotranspiration (Zhu et al., 2021). Socio-economic droughts can be
identified or classified based on supply and demand processes over time and space

(Nasirudeen et al., 2021).



The translation of meteorological drought to hydrological drought has a major impact
on water resource management (Borgomeo et al., 2015; Van Loon, 2015; Wu et al.,
2018). Once a hydrological drought occurs it is more likely for agricultural and socio-
economic droughts to take place (Mtilatila et al., 2020). In the central region of
southern Africa, a limited number of studies have been undertaken to explore extreme
precipitation events (Pinto et al., 2016; Davis and Vincent, 2017). This research will
analyse extreme precipitation events (droughts and floods), that have occurred in
central southern Africa over the past 40-50 years. The study will be carried out using
Geographic Information Systems (GIS). GIS software includes tools that can address
both spatial statistics and spatial analysis (Machiwal et al., 2018). These have become
increasingly important in mapping the spatiotemporal distribution of climate variables

(Rogan and Chen, 2004).

1.2. Significance of the study

99.9% of the scientific evidence indicates that the world’s climate has been changing
at an accelerated rate (Lenton et al., 2019; Muthoni et al., 2019; Lynas et al., 2021).
88125 climate-related studies published between 2012 and November 2020
concluded that warming temperatures and increased frequency of extreme events are
all related to anthropogenic activities (Dunleavy, 2021). Climate change, climate
variability and extreme weather conditions are influenced by the atmospheric emission
of greenhouse gases (Beckage et al., 2018). Southern African countries are at risk of
experiencing extreme weather events such as droughts and floods (He et al., 2020),
due to the vulnerability to climate change that is more rapid than the global average
and low adaptive capacity (Tadross et al., 2017; Beraki et al., 2020). Climate models

have predicted an increase in the intensity of extreme rainfall over southern Africa



(Ayanlade et al., 2018), accompanied by an increase in dry conditions in the western
region of southern Africa, during the austral summer months of December through to
February (Maure et al., 2018). The occurrences of these precipitation extremes are
linked to climate drivers (Nkemelang et al., 2018; Li et al., 2021), climate drivers which
have a direct impact on the weather and climate of Southern Africa include the El Nifio
Southern Oscillation (ENSO), Southern Angular Mode (SAM), Southern Indian Ocean
Dipole (SIOD), Madden-Julian Oscillation (MJO), Quasi-Biennial Oscillation (QBO;

Lim et al., 2019).

A range of studies have explored the effects of climate drivers in the eastern half of
southern Africa (Reason et al., 2005; Ngongondo et al., 2011; Dougherty et al., 2020;
Makondo and Thomas, 2020; Tanyanyiwa and Mufunda, 2020), however, the central
part of southern Africa has not been studied in detail. Understanding extreme rainfall
events can lead to a better understanding of the relationship between these events
and their key drivers (Sillmann et al., 2017). This research is conducted under the
umbrella of the Metsemegologolo project, which explores early historic Tswana
urbanism in southern Africa. The project is structured in nine closely related work
packages, one of which explores climate variables in the area. This research is part of
the climate work pack of the Metsemegologolo project which aims at creating an open-
source multimodal online platform for archival materials on early Tswana urban spaces
straddling the South Africa-Botswana border in the 18™"-20™" century. The climate
section looks at providing a climate and environmental backdrop against which a
diverse range of archives can be interpreted. The methods for the climate work explore

climate data identification and interpretation and climate time-slice mapping over a



continuous layer. This project looks at identifying climate weather extremes that

occurred in this region between the years 1970-2019.

Understanding past climates in periods before regular record keeping can be improved
through the analysis of trends and mean conditions in the contemporary climate
(Brown et al., 2020). Annual rainfall variations across southern Africa have significant
impacts on human livelihoods through their impacts on water supply and agriculture
(Hannaford et al., 2014; Kusangaya et al., 2014; Neukom et al., 2014; Nash et
al.,2016; Bhaga et al., 2020). Rainfall distribution in the subcontinent is seasonal and
influenced by a variety of atmospheric and oceanic circulation systems (Neukom et
al., 2014). The area under investigation has instrumental data available for the past
40-50 years with the earliest records dating back to 1913 in Leeupoort which is one of

the weather stations located in South Africa.

1.3. Problem Statement

Climate extremes affect day-to-day weather, and the overall climate of an area (Lovino
et al., 2018). Due to a changing climate in central parts of southern Africa, there has
been an increase in the frequency of extreme events such as droughts and floods
(Nangombe et al., 2018). Technological advancements have allowed for the modelling
of palaeoclimate, through the combination of instrumental data and technological tools
(Haywood et al., 2019). This study will assist in understanding the extreme rainfall
events which have occurred in the central region of southern Africa from the 1970s
onwards. This knowledge will be used as a basis to understand events that may have

been recorded in the historical records.



1.4. Research Questions

The study answers the following research questions:
¢ What extreme climate (flood and drought) events occurred in the central
region of southern Africa from the 1970s to the present?
e Which climatic drivers are responsible for the distribution of extreme
precipitation events, over the central parts of southern Africa over the past 50

years?

1.5. Aim and Objectives

The primary aim of the research is to assess contemporary spatiotemporal variation
of extreme precipitation events in the central part of southern Africa from 1970 to 2019.
The objectives include:
e Calculating the standardized precipitation index (SPI) over the past 50 years for
each meteorological station in the study region.
e Visualising spatiotemporal trends via the use of two different spatial

interpolation methods and assessing their accuracy.

1.6. Overview of the Project

The main aim of the study is to evaluate the contemporary spatiotemporal variation of
the extreme precipitation events in the central part of southern Africa from 1970 to
2019. Chapter 2 examines the key drivers of climate in southern Africa, how these
climate drivers have been explored, the occurrence of droughts and floods in southern
Africa as well as spatial interpolation of climate data using GIS methods. Chapter 3
explores the geography and climate of the study region, the importance of

transnational studies, data analysis procedures including SPI analysis and



interpolation methods. Chapter 4 analyses the spatiotemporal frequencies of droughts
and floods in the study region using the two interpolation methods, OK and IDW.
Chapter 5 explores the importance as well as the relevance of this study’s results and
how this relates to the studies which have been conducted in the past. Chapter 6
examines the extent to which the aims and the objectives of this study have been

achieved and the limitations of the study.



Chapter 2: LITERATURE REVIEW

2.1. Introduction

The climate of various parts of the world is driven to various degrees by different
phenomena (Van Aalst, 2006). The literature review section will outline and examine
the key climate drivers in southern Africa. This section will further unpack the
occurrence of extreme floods and droughts, and interpolation methods that can be

used to map these events will be outlined.

2.2. Drivers of climate in southern Africa

The North West Province of South Africa and southern Botswana are both located
within the subtropical high-pressure belt, exposing this region to significant climate
variability and semi-arid conditions (Washington and Preston, 2006; Driver and
Reason, 2017; Hoell et al., 2018). In this region, rainfall varies both spatially and
temporally and it is influenced by several weather patterns (Maruatona and Moses,
2021). The Inter-Tropical Convergence Zone (ITCZ) is one of the systems which
affects the weather in this region (Maruatona and Moses, 2021). The effects of the
ITCZ are often experienced in January and February when it is located over southern
Zambia (Maruatona and Moses, 2021). Over southern Africa, temperate troughs are
the rain-bearing systems, and they are short-lived bands of northward-southward tilted
convective clouds (Todd et al.,, 2004; Ratna et al., 2012). Through the interactivity
between Rossby waves and moisture convergence over southern Africa, these
temperate troughs connect the tropics to the mid-latitudes (Todd et al., 2004; Ratna et
al., 2012). Tropical cyclones occasionally make landfall and move through this region

(Sithole et al., 2009; Moses and Ramotonto, 2018; Xulu et al., 2020).



During austral spring, summer, and early autumn the Botswana High is a critical
component of the regional atmospheric circulation over southern Africa (Reason,
2019). The Botswana High is a semi-permanent anticyclone that is found in the mid-
level troposphere over subtropical landmasses, best expressed at 500hPa (Reason,
2016). This anticyclone is believed to be thermally induced as a response to the heat
released by tropical regions of high precipitation (Reason, 2016). This high-pressure
cell forms in the early spring, and it strengthens and moves southwards towards
Botswana and Namibia during austral summer (Driver and Reason, 2017; Reason
2019). It centres at 18°S in October, it moves closer to 23°S in February, and it slightly

retreats and weakens in March (Reason, 2019).

In southern Africa, for precipitation to occur it requires a weakening or shifting of the
Botswana High (Reason, 2019). There is a strong connection between Botswana High
and rainfall over southern Africa (Driver and Reason, 2016; Reason, 2019). Austral
summers which are associated with stronger and/or north shifted Botswana High are
typically drier, there is less cloud cover and surface temperatures are warmer
(Manatsa and Reason, 2017; Driver et al., 2019). A weaker and or shifted Botswana
high implies reduced mid-troposphere subsidence over the region, hence more rainfall

occurs (Reason, 2019).

Stronger mid-to-upper-level subsidence over southern Africa is a result of the high-
pressure system over southern Africa (Blamey et al., 2018; Rapolaki et al., 2021). In
addition to the subsidence, less moisture transport into the region was also a
contributing factor to 2015's unusually dry October, November, and December.

(Blamey et al., 2018; Kruger and Nxumalo, 2017). There is less evidence to suggest



that during the 1982 and 1997 drought events, there was a similar response to the
stronger Botswana High. However, during the 1997 and 1982 drought seasons, there
was an anomalous descending movement in the mid-to-upper levels in October,
November, and December 1982, which became stronger in January, February, and
March 1983. The downward motion in January, February, and March in 1983 is likely
associated with the presence of stronger Botswana High during this period (Blamey et

al., 2018).

ENSO refers to the interaction of the ocean and the atmosphere in the tropical Pacific
Ocean, and it affects weather patterns globally through teleconnections (Takahashi
and Martinez, 2019; Rashid, 2020; Zhao and Di Lorenzo, 2020). In the late Boreal
winter and spring, ENSO events are thought to be influenced by surface zonal winds
anomalies over the western equatorial Pacific and by the displacement of the
thermocline in the eastern equatorial Pacific (Terray and Dominiak, 2005; Domeisen
et al., 2019; Sun and Okumura, 2020). The surface wind anomalies which later lead
to ENSO events are associated with the inter-basin Sea Surface Temperature (SST)
contrast between the tropical Pacific and the Indian/Atlantic Ocean (Li et al., 2018;
Wang, 2019). According to scientists, the phenomenon of ENSO has been associated
with heavy rainfall in southern Africa since the late 1970s (Gaughan et al., 2016;

Manatsa et al., 2017; Hoell and Cheng, 2018).

The spatiotemporal structure of rainfall anomalies between the three El Nifio events
differs significantly despite the strong correlation between ENSO and southern African
rainfall (Marumbwa et al., 2019; Kolusu et al., 2019). Summer droughts in 2015/2016

were far more extreme as compared to 1982/1983 and 1997/1998 (Marumbwa et al.,



2019; Kolusu et al., 2019). The 1997/1998 drought events resulted in predominantly
dry conditions in October, November, and December but not much in Botswana,
Namibia, Mozambique, or north-eastern South Africa (Blamey et al., 2018). Some of
the drier and warmer summers in southern Africa have been associated with El Nifio

(Manatsa and Reason, 2017; Driver et al., 2019).

Increases in western wind anomalies result in more El Nifio events and fewer La Nifa
events occurring over the western equatorial Pacific, while tropical cooling of the
Pacific results in fewer El Nifio events and more La Nifia (Khodri et al., 2017, Wu et
al., 2019). Decadal variability has been seen to enhance the effects of both EI Nifio
and La Nifa events, which affects the probability of extreme events (Okumura et al.,
2017). Meteorological droughts are triggered by large-scale atmospheric circulations
such as the Hadley and Walker systems, Rossby waves and atmospheric

teleconnections (Schubert et al., 2016; Battisti et al., 2019).

ENSO has both regional and inter-annual variation in the climate of southern Africa;
hence it can be a good predictor for seasonal forecasts over certain parts of southern
Africa (Monerie et al., 2019). The major climate influences over southern Africa include
tropical cyclones, jet streams, and teleconnections with regional large scale quasi-
periodic climate systems (e.g., QBO) and Intraseasonal waves (Woodworth et al.,
2019). La Nifia and EIl Nifio events have been identified as having strong impacts on
the precipitation patterns in southern Africa (Blamey et al.,, 2018). Late summer
variability is linked to changes in the hemisphere's circulation, which can be observed

in the SAM (Pohl and Fauchereau, 2012; Clem et al., 2017; Datwyler et al., 2018).

10



SAM is a phenomenon that affects the atmosphere from the mid-latitudes to the
Antarctic (Datwyler et al., 2018). SAM indices are approximated based on atmospheric
mass conservation between Polar Regions and mid-latitudes (Yuan and Yonekura,
2011). SAM is associated with shifting latitudinal positions of the westerlies, which
influences the position of mid-latitude storm tracks (Li and Wang, 2016). This alters
surface wind shear, and evaporation through changes in latent heat flux (Li and Wang,

2016).

SAM and ENSO correlate negatively at seasonal scales, however, summer rainfall
and SAM have a positive correlation (Montazerolghaem et al., 2016). In summer, a
positive SAM is caused by the southward displacement of the subtropical jet, which
relates to wet conditions over southern Africa (Malherbe et al., 2016). High-pressure
anomalies have been shown to exist over the African subcontinent from December
and January to March (Cook et al., 2004; Malherbe et al., 2016). Over summer rainfall
regions, these highs are often associated with periods of drought (Cook et al., 2004;
Malherbe et al., 2016). The positive state of SAM has been associated with increased

precipitation in southern Africa (King et al., 2020).

MJO phenomenon occurs in the tropics of the hemisphere that experiences summer
(Yuan et al., 2018). MJO is a coupled ocean-atmosphere system that organizes
tropical convection at planetary scales into alternating zones of enhanced and
suppressed convection (Notaro, 2018). It is a phenomenon that leads to the alternation
in tropical precipitation between amplified and suppressed periods within a season
(Zhang, 2013; Moron et al., 2015; Koplitz et al., 2018). MJO produce a region of

increased precipitation as it travels eastwards along the equator for a period of 40 to

11



45 days (Serra et al., 2014; Nicholson, 2017). MJOs are associated with increased
precipitation and wind anomalies, beginning in the equatorial Indian Ocean, and
gradually moving eastward into the West Pacific at the speed of 5m/s (Haertel, 2018;

Wei et al., 2020).

Wind converges in regions of the enhanced MJO and diverges in the upper
troposphere (Adames et al., 2014; Maloney et al., 2019; Yang and Wang, 2019).
Precipitation occurs in the lower troposphere, and areas of suppressed precipitation
are followed by enhanced precipitation in about 20 to 25 days (Berhane et al., 2015;
Maloney et al., 2019). Tropical MJOs play a key role in regulating tropical cyclones in
the eastern Pacific Ocean and the Atlantic Ocean and beginning the ENSO cycle
(Klotzbach and Oliver, 2015; Lin et al., 2020). MJO modulates extreme events in
southern Africa and these extreme events include floods, tropical cyclones, droughts,

and heatwaves (Banhoizer et al., 2014, Vitart and Robertson, 2018).

Over southern Africa, composite maps of the incoming longwave radiation (OLR)
anomalies reveal very strong intra-seasonal fluctuations. (Pohl et al., 2007; Kikuchi,
2020). The period it takes for the MJO to rejuvenate in the Indian Ocean region is 40
to 45 days (Pohl et al., 2007; Stan et al., 2017). MJO strongly interacts with the Indian
and Australian monsoon systems. In the hemisphere experiencing summer, MJO is
located at 10° to 15° (Hadi et al., 2020). MJOs are often accompanied by convective
anomalies in the eastern hemisphere during the austral summer (Pohl et al., 2007;
Kim et al., 2017). Local nodes of African convective variability suggest that southern
African rainfall is significantly modulated by MJO at different intra-seasonal timescales

(Pourasghar et al., 2015).
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SIOD is a phenomenon that usually occurs due to latent heat flux anomalies, which
are linked with differences in the Mascarene High and it is maintained through positive
feedback of the air-ocean interaction over the south Indian Ocean (Gong et al., 2019).
Austral summer is characterized by a negative SIOD, which has a dipole pattern in the
SST anomaly in the southern Indian Ocean with a cold south-western pole and a warm
north-eastern pole (Ash and Matyas, 2012; Zhang et al., 2019). The anomalous
Subtropical High results in enhanced latent heat loss and a thick mixed layer over the
north-eastern pole and the opposite in the south-western pole (Morioka et al., 2011;

Zhang et al., 2020).

The positive SIOD leads to enhanced convective activity in southern Africa, which
results in increased rainfall over the region and an increased moisture divergence from
the eastern subtropical Indian Ocean (Ogwang et al., 2020). Studies suggest that
SIOD might have an influence on ENSO and Indian as well as Austral summer
monsoon (Zinke et al., 2004; Manatsa et al., 2011; Ash and Matyas, 2012; Gong et
al., 2019; Monerie et al., 2019). The anticyclonic and convective anomalies shift
eastward to Australia when ENSO and SIOD are out of phase, and this induces

negative rainfall anomalies in northern Australia (Gong et al., 2019).

QBO is a periodic phenomenon that occurs in the form of oscillations in the zonal wind
anomalies within the tropical stratosphere (Toms et al., 2020). The single cycle of
QBO takes about 28 months, where equatorial stratospheric (between 30 and 50hPa)
winds whose maximum amplitude is along the equator (Anstey and Shepherd, 2014;
Toms et al., 2020). QBO can be predicted accurately due to ocean tides, however,

there is variability in the duration of both the east and the west phases (Raphaldini et
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al., 2021). Phase QBO of tropical stratospheric zonal winds appears to be an important

variable controlling the atmospheric response to solar activity (Rao et al., 2019).

The Southern Oscillation and South African rainfall associations are modulated only
when tropical rainfall producing systems are dominant over the summer rainfall region
(Zhang et al., 2015; Daron et al., 2019). South Africa's early summer season (October
to December) is characterized by temperate synoptic systems (Mulenga et al., 2003;
Kane et al., 2009; Lidecke et al., 2021). There is no difference in the southern
oscillation and South African rainfall association between westerly and easterly QBO

(Mulenga et al., 2003; Kane et al., 2009; Ludecke et al., 2021).

2.3. Methods for exploring key drivers of climate change

Integrating weather stations and remote sensing data has been used to monitor the
occurrence of droughts and decadal variability in southern Africa (Mariano et al., 2018;
Park et al., 2020). The use of both datasets facilitates effective tracking of drought
intensity and frequency, by studying the relationship between SPI indices, worldwide
SST and sea level pressure (SLP) in the southern hemisphere, where the mean SLP
can be used to infer monthly atmospheric circulations in the southern hemisphere
(Malherbe et al., 2016; Di Capua et al., 2020). One of the methods that have been
undertaken in Colorado is the reconstruction of Atlantic Multi-decadal Oscillation
(AMO) and Pacific Decadal Oscillation (PDO) using captured steam flow data (Nowak

et al., 2012).

Several countries have used the SPI to monitor droughts and floods, demonstrating

that it can monitor dry conditions at some timescales and wet conditions at others
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(Mathbout et al., 2018). SPI calculations enable researchers to link the occurrence of
wet conditions with La Nifia events and dry conditions with El Nifio events (Sobral et
al.,, 2019). PDO is the dominant mode of decadal to multidecadal variability,
characterized by smaller variations in the SST anomaly patterns associated with
ENSO (Lyu et al., 2017). It was determined in these experiments that a negative PDO
phase is accompanied by weakened atmospheric circulation systems, including the

East Asian trough, the Asian continental High, and the Aleutian low (Qin et al., 2020).

Reconstruction of decadal variability using instrumental data has been used by several
authors, however, the data only exists for a shorter period (Zhang et al., 2018). SAM
indices are approximated based on atmospheric mass conservation between Polar
Regions and mid-latitudes (Yuan and Yonekura, 2011). The inter-annual occurrence
of the SIOD has been explored using observational and re-analysed datasets (Suzuki
et al., 2004; Hoell and Cheng, 2018). Raw SST anomalies have been used to visually
inspect the presence of SIOD in Coupled General Circulation Model (CGCM)

simulations (Suzuki et al., 2004).

Various indices have been used to map droughts (Mondol et al., 2017). The SPI is one
of the many indices that have been used to map the occurrence of both dry and wet
conditions (Al-Quraishi et al., 2020). Most of these indices have a fixed time scale, for
instance, the Palmer Drought Severity Index (PDSI), this index has a time scale of 9
months, Z Score Index (ZSI) and China Z Index (CZI) are both sensitive to lower
timescales (Zhao et al., 2017; Payab and Turker, 2019). Timescales are not the only
issue associated with these indices; however, calibration and spatial calibration are

some of the issues associated with PDSI (Zhao et al., 2017; Ogunrinde et al., 2020).
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The advantage of using SPI to map the distribution of dry and wet conditions is that it
can be calculated at different timescales, and it is comparable at varying

spatiotemporal scales (Zhao et al., 2017).

2.4. Occurrence of droughts and floods in southern Africa

Due to the decrease in precipitation in certain parts of the world, drought distribution
has been mapped to understand the severity, duration, frequency, and the areal
distribution of the droughts (Mathbout et al., 2020). In southern Africa, the occurrence
of El Nifio was associated with droughts in the years 1991/1992, 2002/2003,
2015/2016 (Malherbe et al., 2020). The occurrence of both droughts and floods can

have an impact on agriculture, water resources and human health (Nobre et al., 2019).

Since 1900, the amount of ENSO activity has intensified, which has resulted in
increased floods and droughts (Kusangaya et al., 2021). The frequency and
magnitude of extreme precipitation associated with floods may increase in some
regions, while precipitation may decrease in other areas (Madsen et al., 2014; Bhatti
et al., 2020; Tabari, 2020). Countries including Mozambique, South Africa, Malawi,
and Zimbabwe are already experiencing increased occurrences of both droughts and
floods (Kusangaya et al., 2021). In Zambia rainfall is influenced by the movement of
the ITCZ and ENSO phenomenon with rainfall ranging between 600mm in the south
to 1300mm in the north (Kusangaya et al., 2021). The effects of weather extremes in
Zambia lead to widespread damage and severe alterations in the normal functioning
of household agricultural production (Chonabayashi et al., 2020; Kusangaya et al.,
2021). Zambia has also experienced the occurrence of droughts that have affected

over 1.2 million people between the years 2004 to 2005 (Lekprichakul, 2008;
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Kusangaya et al., 2021). There is a high incidence of occurrence of droughts and
floods in the Luvuvhu River catchment of Limpopo, South Africa and these
occurrences have a negative impact on crop production, agricultural income, crop
sales, harvest, and livestock (Tshililo, 2017). The 2015/2016 EI Nifio occurred directly
after the 2014/2015 El Nifio events which led to the poorest rainfall season in 35 years

(Masih et al., 2014; Khan et al., 2021).

The available data on droughts estimates that there have been 642 droughts during
the 1900 to 2013 period, affecting 2 billion people and leading to the deaths of about
12 million people globally (Masih et al., 2014). A global drought review conducted by
Dai et al., (2011) has indicated that there has been an increased frequency of the
occurrence of droughts over the past years. Severe and multiyear droughts have been
identified in North America, Africa, and China (Masih et al., 2014; Yu et al., 2014; Du

et al., 2018; Goulden et al., 2019).

SPI was used to categorize the occurrence of droughts in Zambia, and it successfully
categorised the occurrence of extremely dry drought conditions (< —2) over the years
1992 and 2015, severely dry drought conditions (-1.9 to -1.5) in the year 1995,
moderately dry drought conditions (-1.4 to -1.0) in the years 1972, 1980, 1987, 1999,
2005 and the remaining 26 years recorded normal drought conditions (-0.9 to 0.9)
(Libanda et al., 2019). Mahalapye, Botswana, experienced the occurrence of a storm
in December 2018 (Moses, 2019). Even though the country has experienced droughts
over the years, floods have also occurred, and they have destroyed infrastructure,

agriculture, and the livelihood of people (Moses, 2019). Weather systems that have
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been associated with the occurrence of this storm are the surface low and the westerly

trough (Moses, 2019).

In January 2013 an extreme flood event occurred in south-eastern Africa which led to
devastating impacts (Manhique et al., 2015). During this period, the South Indian
Convergence Zone (SICZ) stretched from Zambia to the east of South Africa
(Manhique et al., 2015). During the 10 days, over 200mm of rainfall was recorded over
southern and central Mozambique, parts of south Zimbabwe and north-eastern South
Africa (Manhique et al., 2015). The January 2013 floods occurred about 15 years after
the occurrence of the 1999/2000 droughts which occurred due to an active tropical

cyclone season in this region (Manhiques et al., 2015).

According to research, the Angolan low may be a precursor to the Tropical Temperate
Trough (TTT), which contributes to a significant proportion of the rainfall in southern
Africa (Todd and Washington, 1999; Hart et al., 2010; Howard and Washington, 2018).
The Angola low allows for the southward transport of atmospheric water vapour from
the tropics and this water vapour is important for the development of the TTT (Howard
and Washington, 2018). The 1982/1983 and 2015/2016 El Nifio events both took
place in years where the Angolan low was weak and resulted in severe droughts
(Howard and Washington, 2018). Whereas the 1997/1998 EI| Nifio events coincided
with strong Angola Low hence fewer droughts were recorded (Howard and

Washington, 2018).

The February to March 2009 floods that affected Angola and Namibia have led to the

loss of lives and thousands of people were displaced due to infrastructure damages
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which led to the affected areas being inaccessible (Madzudzo et al., 2018). In 2013,
heavy rains led to extensive floods and extreme infrastructure damage in central
Botswana (Wiston and Mphale, 2019). Various countries which have recorded the
occurrence of floods have also experienced extensive damage to infrastructure
making it difficult to mitigate the aftermaths of the floods (Madzudzo et al., 2018;

Mind'je et al., 2019; Adeel et al., 2020; Munawar, 2020; Njogu, 2021).

2.5. Spatial interpolation of climate data

Interpolation is often applied and is defined as a precursor to creating contour or isoline
plots (lines of equal value) to produce a realistic surface between the points where
measurements were obtained (Zhang et al., 2016). Two groups of interpolation
methods include deterministic and geostatistical methods (Zhang et al., 2016).
Deterministic interpolation methods create a surface from observed points based on
either the extent of similarity (e.g., IDW) or the degree of smoothing (Completely
Regularity Spline (CRS; Childs, 2004). Geostatistical methods (e.g., kriging and

cokriging) use statistical properties of the known points (Apaydin et al., 2004).

To determine values of unsampled locations, spatial correlation between the
neighbouring observations is considered. Geostatistical methods yield better spatial
representations of climatological data in comparison to traditional methods (Thiessen
polygons (Ly et al., 2013). Areas of low network density of rain gauges often require
the inclusion of explanatory variables such as elevation to increase the reliability of
rainfall estimates (Cheng et al., 2008; de Amorim Borges et al., 2016). Interpolation
methods are more accurate when variables that represent precipitation drivers are

included (de Amorim Borges et al., 2016). Precipitation has been correlated with
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geographic factors, such as height above sea level, longitude, and latitude (de Amorim

Borges et al., 2016; Muthusamy et al., 2017).

Different estimation methods have been proposed for different climate data however,
the performance of these methods depends on a variety of factors, such as the
selected interpolation method, station network configuration, temporal data resolution
and spatial variability (McKee and Binns, 2016; Berndt and Haberlandt, 2018). As a
result of geostatistical methods such as kriging, adjacent observations can be
correlated spatially and the unknown location can be estimated (Trangmar et al., 1986;
Wu, and Li, 2013; Jalali et al., 2016; Berndt and Haberlandt, 2018; Das, 2021). A study
conducted in Calabria used various interpolation methods, OK, IDW, Kriging with
External Drift (KED), Ordinary Cokriging (OCK) and Empirical Bayesian Kriging (EBK)

to produce month rainfall results for the study region (Antal et al., 2021).

Seo et al., (2015) has used Regression Kriging and Artificial Neural Network Residual
Kriging (RKNNRK) hybrid approach to estimate the spatial precipitation in Jeju Island,
South Korea. This method was compared to other methods such as OK, Universal
Kriging (UK), Regression Kriging (RK), Neural Network Residual Kriging (NNRK; Seo
et al., 2015). A study administered by Ly et al., (2015) to interpolate daily rainfall data
at the Ourthe and Ambleve catchments in Belgium, has used five different interpolation
methods to interpolate the rainfall data which include, OK, UK, KED, OCK, IDW. IDW
and OK were considered the best methods as they provide the smallest RMSE for
nearly all the cases (Ly et al., 2015). It was found that integrating elevation data into
KED and OK did not improve the interpolation accuracy for daily rainfall (Ly et al.,

2015). Interpolation of monthly rainfall over the state of Rio de Janeiro in southeast
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Brazil was conducted using five deterministic methods (Lyra et al., 2018). These
methods include IDW, Nearest Neighbour (NRN), Triangulation with Linear
Interpolation (TLI), Natural Neighbour (NN) and Spline Tension (SPT; Lyra et al.,
2018). These methods were tested using 110 weather stations. In comparison with the
other methods, SPT yielded the highest level of precision and accuracy (Lyra et al.,

2018).

2.6. Conclusion

As outlined in the literature section, a range of studies have examined droughts and
floods occurrences in southern Africa and other parts of the world. Methods such as
SPI, ZSlI, CZI, and PDSI have been used to calculate the occurrence of droughts and
floods. Geostatistical and deterministic methods have been used to interpolate areas
that have limited or no climate data. However, in central southern Africa, fewer studies
have been conducted using SPI and geostatistical methods (OK) and deterministic
methods (IDW). This study is therefore important in identifying the extreme weather

events that have occurred in the region, using varying methods.
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Chapter 3: METHODOLOGY

3.1. Introduction

This study adopts methods from several studies (Guner Bacanli, 2017; Hodam et al.,
2017; Hirota et al., 2018; Reddy and Venkatramana, 2018; Coria-Monter et al., 2019).
This includes SPI analysis which was carried out using monthly rainfall data and was
calculated for a 12-month period. The 12-month SPI was used as the aim was to
calculate hydrological droughts in the study region. At this 12-month timescale, SPI
reflects long-term precipitation patterns (WMO, 2012). In areas with unknown
precipitation values, spatial interpolation methods, IDW and OK were used to identify

extreme precipitation events.

This study is carried out in two countries: South Africa and Botswana. Transnational
projects have been more commonly conducted in Europe, and they have yielded
positive results. These positive results include the ability of different territories to learn
from one another and bridging the gaps between countries, such as the availability of

data and access to skilled personnel required to perform certain tasks.

3.2. Study Region

The study region is in the central region of southern Africa, and it includes Botswana,
the North West and portions of the Limpopo Province, these region boundaries were
developed by the Metsemegologolo project (Figure 1). The Metsemegologolo project
chose the area straddling the South African and Botswanan border as the study

region, to create an online archive for information about early Tswana urbanisation.
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Figure 1: Distribution of weather stations around the study region (DIVA-GIS, South African Weather Service
(SAWS) and Botswana Meteorological Office (BMO)).

3.2.1. Climate and Geography

Botswana’s climate is classified as semi-arid with low rainfall ranging between 200 to
600 mm annually and with hot summer months (October to April; Byakatonda et al.,
2019). Evaporation rates range between 1800 to 2100mm per year which is higher
compared to the annual rainfall (Batisani, 2012; Byakatonda et al., 2016, 2019).
Tropical easterly systems, thunderstorms and continental troughs bring precipitation
to the region from October to April. (Nkemelang et al., 2018). During the EI Nifio
episodes, the rainfall of the area is mostly suppressed (Byakatonda et al., 2016). The
region’s precipitation varies spatially, and rainfall increases moving from the west to
the east (McKenna, 2020). Rainfall is dominant in the northeast at Kasane and
decreases in the West at Ghanzi and is lowest recorded in the southwest of Tsabong

(Byakatonda et al., 2020). In the North West province, there is almost year-round

23



sunshine, with an average rainfall of 400mm annually (Adisa et al., 2021). The North
West Province records temperatures ranging between 2°C in winter and 31°C in
summer (Amin et al., 2008; Phora, 2018; Adisa et al., 2021). Botswana records
temperatures ranging between 3°C in winter and 35°C in summer (Maruatona and
Moses, 2021). The cold fronts associated with mid-latitude cyclones have a large

impact on the winter temperatures in Botswana (Nkemelang et al., 2018).

The geography of central southern Africa is characterised by landscapes that are flat
to gently steeped (Logan and Silberbauer, 2019). These flat areas are mostly covered
by grass and low shrubs. Aridity decreases as one moves from the west to the east
(Parsons, 2020). The Kalahari Desert which is the 8™ largest desert in the world forms
part of the study region and covers an area of 569,797km? (McKenna, 2020). The

central region of southern Africa covers an area of 829,185km? (McKenna, 2020).

3.2.2. Data Acquisition (Data Quality and Limitations)

Data used in this research is made up of average monthly observations obtained from
the BMO and the SAWS. The observations obtained include average monthly
precipitation values. This study considers a time series with 14 weather stations in
South Africa and 42 in Botswana. Data from the BMO did not include geographic
coordinates with the exact location of the weather stations. However, knowing that the
weather stations are situated in Police stations and schools, the coordinates of these
stations were thus determined using Google Earth Pro. Coordinates obtained were

then converted into a point shapefile.

24



Table 1: Weather Stations with precipitation data (BMO and SAWS).

Station Elevation | Time X- Y-
Series Coordinates | Coordinates
Botswana
Bainesdrift Police Station 700m 1971 -2000 | 22°29'33.71” -28°42°14.34”
Bobonong Police Station 699m 1979 - 2015 | 21°58’33.64" -28°25'7.02”
Bokspits-AgroMet Station 912m 1979 - 2015 | 26°42'43.26” -20°42'7.17”
Francistown Airport 1000m 1979 - 2015 | 21°09'57.96” -27°30’51.70”
Gaborone Met 983m 1980 - 2016 | 24°40°00.50” -25°55’00.05”
Ghanzi Airport 1156m 1971 -2015 | 21°4014.73" -21°36°09.00”
Gumare Agric Station 967m 1979 - 2014 | 19°21°.59.76” -22°10°0.12”
Hukuntsi 1129m 1983 - 2015 | 23°59'56.66" -21°46'47.96”
Jwaneng 1199m 1988 - 2015 | 24°31'26.45” -24°43'12.82”
Kalamare 1264m 1980 - 2016 | 22°52'06.35” -26°30°01.68”
Kalkfontein Police Station 1182m 1971 -2016 | 22°7 -20°54’
Kang-AgroMet Station 1136m 1981 - 2015 | 23°45’15.89” -22°3538.64”
Letlhakeng Police Station 1094m 1979 - 2015 | 24°56.48” -25°1’53.08”
Lobatse Police Station 1192m 1971 - 2015 | 25°13'47.46” -25°40°13.76”
Mahalapye 1012m 1971 - 2015 | 23°06°28.08” -26°49'55.68”
Mamumo Police Station 1252m 1971 -2013 | 22°17°0.12” -20°02°0.01”
Masunga Police Station 1187m 1980 - 2014 | 20°40’10.90” -27°24°22.90”
Matsiloje 934m 1981 -2012 | 21°18'2.14” -27°45°14.29”
Maun Airport 946m 1979 - 2013 | 19°59'42.94” -23°25'05.08”
Middlepits 947m 1988 - 2014 | 26°39'07.59” -21°53'34.99”
Mochudi Police Station 945m 1980 - 2015 | 24°23 -26°8’
Molepolole 1147m 1979 - 2015 | 24°23'38.97” -25°29'38.27”
Ncojane Police Station 1250m 1971 - 2013 | 23°09'S -20°17
Orapa Police Station 973m 1968 - 2014 | 21°19'40.97” -25°22’12.86”
Palapye Police Station 908m 1972 - 2015 | 22°34’ -27°09’
Pitshane  Molopo  Police | 1140m 1971 - 2015 | 24°45’ -25°6’
Station
Qangwa Primary School 1063m 1982 - 2014 | 19°31°51.67” -21°10’44.75”
Rakops Police Station 914m 1971 - 2000 | 21°3 -24°23’
Ramatlabama Police Station 1275m 1961 - 2015 | 25°39’ -25°34’0.12”
Ramotswa Station 1020m 1971 - 2014 | 24°53 -25°52’
Sebina Store 1065m 1971 - 2014 | 20°57° -27°13’
Sehitwa Police Station 928m 1970 - 2014 | 20°20°0.43” -22°24°4.53”
Serongwa Police Station 988m 1978-2013 18°49'18.00” -22°24’57.37”
Serowe Police Station 1140m 1971 - 2016 | 22°23'17.96” -26°41’45.19”
Serule 954m 1985 - 2016 | 21°55'23.34” -27°17°11.40”
Shakawe 1030m 1971 -2014 | 18°22'02.41” -21°50°20.30”
Sir Seretse Khama Airport, | 1012m 1984 - 2013 | 24°33'29.03” -25°55’27.42”
Gaborone
Thamaga 1079m 1986 - 2016 | 24°39'59.19” -25°31'57.29”
Tlokweng Border 1060m 1980 - 2014 | 24°42’19.67” -26°5’32.28”
Tonota 958m 1971 -2014 | 21°27 -27°28’
Tsabong 963m 1979 - 2015 | 26°01’14.81” -22°24°40.55”
Tshane 1110m 1979 - 2015 | 24°01°01.06” -21°53'33.47”
South Africa
Bray- POL 1051m 1947 - 2019 | 25°28'07.02" -23°42°10.93”
Buffeldoorns - POL 967m 1934 - 2019 | 24°35'48.74” -27°05’.53.55”
Bulgerivier - POL 1046m 1969 - 2019 | 24°07°00.00” -27°42°00.00”
Coligny - POL 1492m 1967 - 2016 | 26°19'52.96” -26°18'36.66"
Delareyville Rietpan 2 1361m 1927 - 2014 | 26°41°05.97” -25°27'41.43”
Dippenaarshoop 1099m 1979 - 2019 | 27°27'14.22” -23°42’04.94”
Hendrik Theron 1265m 1932 - 2019 | 27°31'49.21” -26°20'34.14”
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Klipfontein ARS 1188m 1929 - 2017 | 25°42’16.31” -27°21°57.64”
Leeupoort - MUN 1017m 1913 -2019 | 24°55’13.35” -27°38'25.98”
Schietfontein 1266m 1920 - 2019 | 25°39'35.05” -27°55'26.62”
Severn - POL 1018m 1961 - 2019 | 26°35’36.44" -22°51°15.20”
Vaalharts AWS 1142m 1935 -2019 | 27°56’47.97" -24°48°12.00”
Vryburg Tipperary 1199m 1986 - 2019 | 26°57°29.45” -24°43'47.50”
Zeerust -TNK 1183m 1940 - 2019 | 25°33'08.44" -26°06’01.76”

3.3. Data Analysis Procedures

Precipitation data obtained from different weather stations will be organized in terms

of average annual precipitation values. These geocoded data points will then be used

to calculate SPI values which will be used to create spatial interpolation maps.

3.3.1. SPI Analysis

SPI can be defined as the difference between the monthly precipitation (xi) and the
mean value (O), divided by the standard deviation(s) (Glner Bacanli, 2017). For this
study, SPI was calculated for 12 months since the aim was to calculate hydrological
droughts which have occurred in the study region. Monthly data was available for both
Botswana and South Africa and this was used as input data. The cut off for drought is

-1. In this study, SPI was used due to its simplicity as it only uses precipitation as an

input and it can assess both wet and dry conditions (Mazibuko et al., 2021).
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Table 2: SPI Values (WMO, 2012).

SPI Values Drought Condition
22 Extremely Wet
1.5t01.99 Very Wet
1.0to 1.49 Moderately Wet
-.9910 .99 Normal
-1.0to0-1.49 Moderately Dry
-1.5t0-1.99 Severely Dry
<-2 Extremely Dry

3.3.2. Interpolation Methods

Spatial interpolation has been employed in this study to map spatiotemporal
precipitation trends in the study region. Two interpolation methods were used including
IDW and OK. IDW considers that objects which are close to one another are more
similar than those that are far apart (Reddy and Venkatramana, 2018). The general

equation for IDW is:

2(s0) = ) A %)
i=0

Z(so) - Predicted value
So - Location
n - Number of measured samples surrounding the predicted location.

Xi - Weight assigned to each measured point used, with distance weights

decrease.
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Z(so) observed value at location s;
At the location, si weights can be determined by

A= di

As the distance increases weights are predicted by a factor of p. d;, distance between

prediction location sp and each measure location s;.

Kriging minimizes the degree of spatial dependence among known points in terms of
semi-variance. Semi-variance increases as h (lag) increases. Ordinary Kriging

assumes that drift is absent in the variable of interest (Hodam et al., 2017).

General equation

2(x0) = ) A(x)
i=1

z(x,) - Estimate the variable at an unknown location (x,)
z(x;) Value of the variable z at a known location.

x;, A; the weight assigned to z(x;) and n the number of known points used in

estimation.

IDW and OK were performed using the Geostatistical Analyst tool IDW and OK
ArcMap software. IDW was used to measure values surrounding the prediction
location, like kriging. IDW directly implies that the values of the attribute at an unknown

location are the weighted average of known values within the area surrounding the un-
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sampled location (Mokarram and Hojati, 2017). IDW and OK have been used based

on SPI, instead of the raw rainfall data.

3.3.3. ENSO

In Chapter 2, a range of studies identified various occurrences of ENSO. These studies
have aided in a better understanding of the driving forces of various drought events,
which have occurred in the study region. ENSO occurrences that have been identified
in various literature have been compared with drought occurrences identified in this
study (Masih et al., 2014; Blamey et al., 2018; Howard and Washington, 2018; Khan
et al., 2021). This comparison has aided in understanding whether the drought and
flood events in the central portion of southern Africa can be attributed to La Nifia or El

Nifio events.
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Chapter 4: RESULTS

4.1. Introduction

This results section will outline and describe the spatiotemporal frequency of droughts
and floods. The spatiotemporal frequency of both droughts and floods will be analysed

based on the results obtained from the two interpolation methods viz. IDW and OK.

4.2. Temporal frequency of droughts

Schietfontein is a weather station with the longest rainfall data record. Moderately dry
drought conditions were experienced in Schietfontein in the years 1924, 1926 and
1927 (Figure 2). In 1925 the weather station calculated normal drought conditions
(Figure 2). Leeupoort experienced the occurrence of droughts for four consecutive
years 1933 to 1936 and 1962 to 1966 excluding 1964 (Figure 3). In 1964 the weather
station recorded the occurrence of normal drought conditions with an average SPI
value of -0.98. In the years 1933, 1934 and 1936 Leeupoort station recorded
moderately dry drought conditions, whereas in 1935 the station experienced severely
dry drought conditions. The station experienced the occurrence of extremely wet
drought conditions in the years 1944 and 2000 with SPI values of 2.26 and 2.01,
respectively. The 2000 wet drought conditions are attributed to the occurrence of a
strong La Nifia event. The station recorded the occurrence of severely wet drought
conditions in the year 1967, which was after the occurrence of the 1962 to 1966 dry

drought conditions.

In the years 1962 and 1965 Leeupoort weather station recorded moderately dry
drought conditions and severely dry drought conditions in 1963 and 1966. In Leeupoort

the years 1918, 1967, 1971, 1974, 1976, 1978, 2000, 2006, 2008, 2010, 2011, 2014,
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and 2017 recorded severely to extremely wet drought conditions. In the years 1918
and 2008, the station calculated extremely wet drought conditions, with SPI values of
2.25 and 2.48 respectively. Moderate dry drought conditions were calculated in 1965
at five stations, viz. Zeerust, Delareyville, Hendrik Theron, Schietfontein and
Leeupoort, these stations are situated in the eastern and SE parts of the study region.
In the year 1966, six stations calculated the occurrence of moderately to severely dry
drought conditions. Stations that calculated moderately dry drought conditions include
Zeerust, Vaalharts, Buffeldoorns and Hendrik Theron and those which calculated
severely dry drought conditions include Klipfontein and Leeupoort. In 1967, Hendrik
Theron, Buffeldoorns, Klipfontein, Leeupoort, Schietfontein and Zeerust recorded the
occurrence of wet drought conditions with SPI values of 1.5, 1.44, 2.39, 1.71, 1.72,

and 1.96, respectively.

Four stations recorded the occurrence of moderate to severe dry drought conditions
in the years 1984 and 1985. Gaborone and Lobatse calculated moderately dry drought
conditions in both years, whereas Zeerust and Molepolole calculated moderately dry
drought conditions in 1984 followed by severely dry drought conditions in 1985.
Molepolole recorded moderately dry drought conditions in 1986, whereas Zeerust
recorded severely dry drought conditions, and in 1987 Zeerust recorded moderately
dry drought conditions. None of the stations recorded the occurrence of wet drought
conditions in 1984. In 1985 Schietfontein calculated the occurrence of wet drought
conditions and in 1986 Shakawe calculated wet drought conditions, with SPI values of

1.32 and 1.18, respectively.
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Schietfontein 1921-2019
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Figure 2: The 12-month SPI for Schietfontein.
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) y “M‘m i || il WMII wd ||l||J||||..j||\|¥||I.. ||I||\|.J|. Im ......”lll.l . il '| Jh“ > m mil \| "IIII Mhllh" |i||||h“| L N
T TN Ty e Ty

i W M, ’l"‘Wlﬂlll”ﬂﬂ"” " | . - N"\Imlﬂ u..Mh ‘Ilwuul |||mw". ”‘..lllM"“llul“IMI i |...|\|.

R F N F R E R R RIS E R N R Y
BEHE5G85508503683852888353233323338352¢683385493368383¢6283%
L B B e e B e B B R I B I e B e I B B B B B I e e B I B B B e R I e B B ]

5P| = Drought cut off

Figure 3: The 12-month SPI for Leeupoort.
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Weather stations including Ramotswa, Tsabong, Gaborone, Palapye, Lobatse,
Serowe, Molepolole, Pitshane Molopo, Ramatlabama, Thamaga and Francistown
recorded the occurrence of dry drought conditions in the years 1991 and 1992.
Tsabong and Pitshane Molopo are both found in the SW section of the study region.
Palapye, Serowe and Francistown are in the NE portion of the study region. Palapye,
Serowe, Molepolole, and Francistown calculated moderately dry drought conditions

for the two consecutive years 1991 and 1992.

Lobatse and Thamaga recorded extremely dry drought conditions in 1991 and
moderately dry drought conditions in 1992. Lobatse is in the SE region of the study
region, whereas Thamaga is in the west of Gaborone. In the years 1991 and 1992,
none of the weather stations in the NW region of the study region calculated any
drought events. Hendrik Theron, located further SE of the study area, recorded

severely wet drought conditions.

Mochudi, Palapye, Vaalharts, Leeupoort, and Bulgerivier recorded the occurrence of
dry drought conditions in the years 1992 and 1993. These stations are in various
regions of the study region. Mochudi, Vaalharts, Bulgerivier, and Leeupoort are
located in the SE region, Palapye in the NE portion of the study region. Mochudi
experienced moderately dry drought conditions, Bulgerivier recorded the occurrence
of severely dry drought conditions in 1992 followed by moderately dry drought
conditions in 1993. Vaalharts experienced moderately dry drought conditions in 1992
followed by extremely dry drought conditions in 1993. Palapye experienced the
occurrence of moderately dry drought conditions in 1992 followed by the occurrence

of severely dry drought conditions in 1993.
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Six weather stations in the study region recorded moderately dry drought conditions
in 2016. These stations include Bray Pol, Vryburg, Hendrik Theron, Dippenaarshoop,
Zeerust and Bulgerivier. In 2017 the area calculated normal drought conditions, and
five stations calculated moderately dry drought conditions. These stations include

Hendrik Theron, Vryburg, Klipfontein Schietfontein, Leeupoort and Buffeldoorns.

As per (Figure 4) the years 1965, 1966, 1984, 1985, 1986, 1987, 1991 and 1992, had
the most widespread dry droughts in the study region, these droughts ranged from
moderately to extremely dry drought conditions. The study region from the 1980s has
been recording the frequent occurrence of droughts and these droughts are mostly
moderate to severely dry drought conditions. The years 1974, 1975, 1976, 1987, 1988,
1996, 1999, 2000, 2005, 2008, 2010 calculated the widespread occurrence of wet
drought conditions and these years correlate with the occurrence of La Nifia events
excluding the occurrence of the 2010 wet drought which correlated with an El Nifio

event.
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Figure 4: SPI Values below -1, 1913-2019
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Figure 5: SPI Values Wet Drought conditions, 1913-2019
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4.3. Spatial Distribution of Droughts Events

The spatial distribution of droughts was visualized using SPI values and applying the
spatial interpolation methods IDW and OK. The study region is further divided into 4
different sections; Southwest (SW), Northwest (NW), Southeast (SE) and Northeast
(NE) to present the results more simply and to make the analysis of the results easier

to comprehend (Figure 6).
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Figure 6: Delineations in the study region
4.3.1. IDW

This method was used to show the distribution of the occurrence of droughts and
floods in the study region. The results of this method indicate that there is a distribution

of various drought types in the study region. In the NW portion of the study region, one
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of the weather stations Serongwa recorded the occurrence of severely dry drought
conditions with the surrounding areas calculating moderately to normal drought
conditions (Figure 7). The rest of the study region calculated the occurrence of normal

drought conditions.
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Figure 7: Average SPI using IDW, 1970-2019

The study region experienced normal drought conditions in 1973, and the NW section
of the study region calculated moderately to severely wet drought conditions. In 1974
the study region recorded the occurrence of normal drought conditions. Areas around
the SE and the NW section of the study region recorded the occurrence of moderately
to severely dry drought conditions. In the year 1976, the central, SW, NW and NE
sections of the study region experienced normal drought conditions.

In the year 1981, the northern section of the study region recorded the occurrence of

moderately dry drought and the entirety of the region calculated normal drought
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conditions. In the year 1982, areas in the northern section towards the SE section of
the study region calculated moderately dry drought conditions. The central section
towards the SW and NW section of the study region showed normal drought
conditions, with one station in the west showing the occurrence of severely dry drought

conditions.

The central section, towards the north and NE section of the study region, indicates
the occurrence of normal drought conditions in 1983. In 1984 the NE towards the SW
section of the study region calculated moderately dry drought conditions with the
western and parts of the central region experiencing normal drought conditions. In the
year 1985, moderate dry drought conditions were computed for the entirety of the
study region, while normal drought conditions were computed in the SW and NW

sections.

In the year 1986, the central region of the study area towards the NE and the SE edge
of the study region experienced the occurrence of moderately dry drought conditions
followed by normal drought conditions. The southern and the northern section of the
study region calculated the occurrence of normal drought conditions followed by a
band of moderately wet drought conditions running from the west towards the NE. In
the year 1989, the southern and NW sections of the study region recorded the
occurrence of moderately dry drought conditions. The years 1981, 1982, 1983, 1984,

1985, and 1986 recorded the occurrence of widespread drought conditions.

The study region indicated normal drought conditions in 1990 with moderately wet

drought conditions in the central section of the study region. Moderately to severely
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dry drought conditions were calculated with normal drought conditions in the eastern
margin of the study region. In 1993 the study region recorded moderately to severe
dry drought conditions in the eastern and parts of the western section. The northern
and the southern sections of the study region calculated the occurrence of moderately
dry drought conditions. The eastern section and parts of the central portion of the study
region calculated the occurrence of normal drought conditions. In the year 1995, the
southern section of the study region calculated the occurrence of moderately to
severely dry drought conditions, and parts of the northern section recorded the

occurrence of moderately wet drought conditions.

In the year 1996, the central section towards the NW and the SE sections of the study
region calculated the occurrence of moderately wet drought conditions. Two weather
stations, (Bokspits and Shakawe) and their surrounding areas located on the SW edge
of the study region calculated the occurrence of moderately to severely dry drought
conditions. In 1997 the southern section of the study region calculated the occurrence
of moderately to severely wet drought conditions. In 1998 parts of the western and
central section of the study region experienced the occurrence of moderately to
severely dry drought conditions. In the year 1999 the SW, the central, the northern,
and the NE sections of the study region calculated the occurrence of moderately to
severely wet drought conditions. It was determined that minimal to widespread dry
drought conditions occurred in 1990, 1993, 1995, 1997, 1998, and the years 1996 and

1999 calculated the occurrence of moderately to severely wet drought conditions.

In the year 2000 the central, NE, SW, SE, and the eastern portion of the study region

recorded moderately to severely wet drought conditions. In the year 2001, the north
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towards the eastern section of the study section calculated the occurrence of
moderately to severely dry drought conditions. In the year 2002, the NW section of the
study region calculated the occurrence of moderately dry drought conditions. The

southern section calculated moderately to severely wet drought conditions.

In the year 2003, the SE section recorded moderately dry drought conditions and in
the year 2004, the NE section of the area recorded moderately dry drought conditions.
In the year 2007 the NE section recorded moderately wet drought conditions; the SE
section calculated moderately dry drought conditions. In the year 2008 the central, SE,
and SW calculated moderately wet drought conditions. In 2011 the NE section
calculated moderately dry drought conditions; the southern section calculated
moderately to severely wet drought conditions. In 2012, the study region recorded
moderately to severely dry drought conditions. In the year 2013 the NW, NE and
northern sections of the study region calculated the occurrence of moderately wet
drought conditions. The southern section calculated moderately dry drought
conditions. In the year 2014, the SW and the SE calculated moderately dry drought
conditions and the eastern and the SE calculated the occurrence of moderately wet
drought conditions. In the years 2018 and 2019, the SW portion of the study region
calculated moderately dry drought conditions and the rest of the study region

calculated normal drought conditions.
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4.3.2. OK

Ordinary Kriging is one of the geostatistical methods that was used to interpolate SPI
data in the study region. The results of this method are similar to the results obtained
from the IDW method, they indicate that the study region calculated the occurrence of
normal drought conditions, whereas the northern portion of the study region indicates
the occurrence of severely to moderately dry drought conditions (Figure 8). The station
which calculated this occurrence is the same station that calculated this drought

condition using the IDW method.
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Figure 8: Average SPI using OK, 1970-2019

Based on the two interpolation methods the accuracy assessment shows that OK

outperformed IDW at interpolating precipitation data, with a RMSE of 0.33 (Table 3).

Table 3: Accuracy Assessment IDW and OK

Interpolation Method RMSE MSE
IDW 0.37 -1.557E°?
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| OK | 0.33 0.008

4.4. Annual rainfall statistical results

The 54 weather stations are spatially distributed across the study region. In some
years, certain weather stations recorded more precipitation than others. The station
which recorded the least precipitation is Matsiloje, which recorded 9.1mm of rainfall in
the year 1993 with a corresponding SPI value of -3.6 which indicates the occurrence
of extremely dry drought conditions (Figure 9). Shakawe recorded the highest
precipitation of about 1101.4mm in the year 1973 with a corresponding SPI value of
1.7 which indicates the occurrence of severely wet drought conditions (Figure 10).
Shakawe is in the NW region of the study region and Matsiloje is located in the NE
region of the study region. The two weather stations were selected based on the fact
that one of them shows the lowest amount of precipitation recorded in the region and

the other station shows the highest amount of precipitation.
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Shakawe 1971 - 2014
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Figure 11: Average Precipitation 1913-2019
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Table 4 shows the statistical results of the total annual precipitation, from the data one
can deduce that 10 weather stations are statically significant at a 5% significance level.
These stations include Lobatse Police Station, Ramatlabama Police Station, Serule,
Mamumo, Mashunga, Bray Pol, Bulgerivier, Coligny, Buffeldoorns and, Severn Pol.
Bray Pol located in the SW section of the study area, this station shows an increase
in rainfall at a rate of 1.73, Mashunga another station found in the SE section of the

study region shows a rate of change of 8.62.

The rest of the stations show a decrease in rainfall, these stations include,
Buffeldoorns at a rate of change of (-1.83), Bulgerivier (-4.84), Coligny (-4.08), Lobatse
police station (-4.52), Mamumo (-6.53), Ramatlabama police station (-3.06), Severn
Pol (-2.30) and Serule (-7.51). These stations are located in various sections of the
study region. Buffeldoorns, Bulgerivier, Coligny, Lobatse police station, and
Ramatlabama are in the SE section. Mamumo in the NW, Severn Pol in the SW and

Serule in the NE.

Table 4: Statistical results for the total annual precipitation

Stations Data period | P-value | R-value Coefficient of
X
Bainesdrift 1980-2014 0.69 0.18 2.85
Bobonong 1980-2014 0.86 -0.08 -1.58
Bokspits 1980-2014 0.16 0.27 2.64
Bray Pol 1947-2019 0.02 -0.26 1.73
Buffeldoorns 1935-2019 0.01 -0.24 -1.83
Bulgerivier 1969-2019 0.00 -0.43 -4.84
Coligny 1968-2015 0.04 -0.30 -4.08
Delareyville 1927-2013 0.29 0.13 0.74
Dippenaarshoop 1980-2019 0.78 0.06 0.85
Francistown 1971-1999 0.96 -0.05 -1.21
Gaborone 1980-2015 0.98 -0.06 -0.96
Ghanzi Airport 1971-2014 0.82 -0.04 -0.59
Gumare 1980-2013 0.19 0.25 4.49
Hendrik Theron 1932-2017 0.68 -0.02 0.13
Hukuntsi 1983-2014 0.90 -0.01 -0.23
Jwaneng Airport 1988-2013 0.64 0.02 0.51
Kalamare 1980-2014 0.12 0.20 -3.42
Kalkfontein 1971-2011 0.52 -0.08 -1.01
Kang Agromentation 1981-2014 0.37 0.13 1.82
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Stations Data period | P-value | R-value Coefficient of
X

Klipfontein 1929-2017 0.25 0.11 0.73
Leeupoort 1913-2019 0.16 0.15 -1.83
Letlhakane Police Station 1979-2014 0.62 0.02 0.35
Lobatse Police Station 1971-2014 0.04 -0.34 -4.52
Mahalapye 1979 -2014 0.84 -0.05 -0.71
Mamumo 1971-2011 0.00 -0.45 -6.53
Mashunga 1980-2013 0.01 0.38 8.62
Matsiloje 1981-2012 0.53 0.03 0.54
Maun 1979-2013 0.11 0.23 3.09
Middlepits 1988-2012 0.96 0.01 0.26
Mochudi 1980-2014 0.85 -0.06 -1.11
Molepolole 1979-2014 0.53 0.06 1.08
Ncojane 1971-2012 0.71 0.09 0.99
Orapa 1968-2014 0.61 -0.08 -0.90
Palapye 1972-2013 0.79 -0.04 -0.59
Phitshane Molopo 1971-1999 0.29 -0.29 -5.69
Qangwa Primary School 1983-2013 0.30 -0.14 -3.78
Rakops Police Station 1971-2000 0.94 -0.01 0.71
Ramatlabama Police 1961-2014 0.01 -0.31 -3.06
Station

Ramotswa 1971-2013 0.30 -0.15 -2.58
Schietfontein 1921-2018 0.54 -0.06 0.05
Sebina Store 1971-2013 0.07 -0.34 -5.07
Sehitwa 1970-2013 0.08 -0.28 -3.24
Serongwa 1978-2012 0.93 0.00 0.03
Serowe 1971-2015 0.39 -0.12 1.93
Serule 1986-2014 0.01 -0.37 -7.51
Severn Pol 1967-2019 0.00 -0.34 -2.30
Shakawe 1971-2011 0.26 -0.21 -3.03
Sir Seretse 1985-2013 0.34 -0.10 -2.07
Thamaga 1986-2013 0.77 -0.04 -0.96
Tlokweng Border 1980-2012 0.80 0.08 1.38
Tonota 1971-2013 0.07 -0.26 -4.03
Tsabong 1979-2014 0.46 0.12 1.33
Tshane 1979-2014 0.68 -0.13 -1.61
Vaalharts 1935-2019 0.63 0.06 0.40
Vryburg 1987-2019 0.95 0.00 0.10
Zeerust 1940-2019 0.23 -0.15 1.22
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Table 5: Weather Stations showing the occurrence of Wet and Dry drought conditions during the occurrence of El Nifio (Cherian et al., 2021; de Fatima Bomfim et al.,
2021; Golden gate weather services, 2021; Tyrrell et al., 2021)

Number of | Number of Number of | Number of Number of Number of Number of | Number of
Station Station Station Station Station Station which Station Station
which which which which which calculated wet which which
calculated | calculated calculated | calculated recorded drought recorded |calculated
dry wet dry wet dry conditions dry wet
drought drought drought drought drought drought |drought
conditions | conditions conditions | conditions conditions conditions |conditions
Weak - Moderate Strong Very
11 -7 -5 Strong
-3
1952-53 1 1 1951-52 0 2 1957-58 0 1 1982- 16 2
83
1953-54 1 2 1963-64 2 1 1965-66 11 1 1997- 5 11
98
1958-59 2 2 1968-69 0 0 1972-73 2 7 2015- 9 0
16
1969-70 3 0 1986-87 12 14 1987-88 2 32
1976-77 0 20 1994-95 10 5 1991-92 22 1
1977-78 1 13 2002-03 5 7
1979-80 3 8 2009-10 4 19
2004-05 0 21
2006-07 0 13
2014-15 11 1
2018-19 7 0
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Table 6: Weather Stations showing the occurrence of Wet and Dry drought conditions during the occurrence of La Nifia (Cherian et al., 2021; de Fatima Bomfim et al.,

2021; Golden gate weather services, 2021; Tyrrell et al., 2021)

Number of Number of Number of Number of Number of Number of
Station Station Station which Station which Station Station
which which calculated dry | calculated wet which which
calculated calculated drought drought calculated calculated
dry drought | wet drought conditions conditions dry drought | wet drought
conditions conditions conditions conditions
La Nifa - 23
Weak - 11 Moderate - 5 Strong - 7
1954-55 0 3 1955-56 4 4 1973-74 2 0
1964-65 0 0 1970-71 0 3 1975-76 0 23
1971-72 0 3 1995-96 0 21 1988-89 1 24
1974-75 0 29 2011-12 16 6 1998-99 0 25
1983-84 20 2020-21 1999-00 3 42
1984-85 10 2007-08 4 25
2000-01 0 21 2010-11 0 2
2005-06 10 27
2008-09 0 28
2016-17 0 2
2017-18 4 2
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4 5. Conclusion

The results of this study indicate that this region is characterised by the occurrence of
both droughts and floods over certain periods. The extreme weather events in the
region are influenced by the occurrence of both La Nifia and El Nifio events. In the
1970s the area calculated the occurrence of floods, and this was seen in various
weather stations. In the 1980s the area showed the occurrence of dry drought
conditions however at the end of the 1980s the area showed both the occurrence of
droughts and floods, this was also seen at the end of the 1990s were several stations
recorded the occurrence of wet drought conditions. The area seldom experienced the
occurrence of extremely wet and dry drought conditions. Based on the results obtained
from the IDW and Ok interpolation method the region is affected by normal drought
conditions, however, the northern region of the study region computed the occurrence
of moderate to severe dry drought conditions. The region further showed a decrease
in the occurrence of rainfall at the rate of -2.42. However, some stations have shown
an increase in the occurrence of rainfall and these stations include Bray Pol and

Mashunga with rates of 1.73 and 8.62, respectively.
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Chapter 5: DISCUSSION

The primary focus of this study was to assess the spatiotemporal variation in extreme
precipitation events in the central portion of southern Africa. The results of this study

indicate that there are temporal variations across time scales at the same locations.

5.1. Temporal frequency of droughts

The declaration of droughts in Botswana is attributed to the amount of precipitation,
and factors such as crop performance, rangeland conditions and the physical
conditions of livestock (Mosalagae and Mogotsi, 2013; Mogotsi et al., 2013). Studies
conducted in Botswana indicated that there was an occurrence of droughts in the
1960s, good rains occurred in the 1970s, followed by droughts in the 1980s (Mogotsi

et al., 2013; Masih et al., 2014; Byakatonda et al., 2018). As noted in this study (Figure
4; Table 5; Table 6), fewer stations showed the occurrence of droughts in the 1970s,

the intensity and frequency of droughts increased in the 1980s and 1990s.

Mogotsi et al., (2013) noted that the community members in Kgalagadi North and
Bobonong Sub-districts could recall some of the droughts which occurred in the 1930s,
however, due to limited meteorological data, the results of this research could not note
most of those droughts. Some of the South African weather stations where data
existed in the 1930s, recorded the occurrence of dry drought conditions. In 1933, four
weather stations recorded the occurrence of droughts (Delareyville, Leeupoort,
Hendrik Theron, Klipfontein), 1934 (Leeupoort), 1935 (Buffeldoorns, Leeupoort),
Leeupoort was the only station which experienced the occurrence of droughts from
1933-1935. Following a drought period from 1933 to 1935, a period of good rainfall

followed (Hitchcock, 1979; Mogotsi et al., 2013). Figure 4 demonstrates that after 1935
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the frequency of droughts decreased. More drought occurrences were recorded in the
years 1968/1970, 1974/1975, 1979/1980, 1981/1982, and 1990/1992 (Parry, 1989;
Fako and Molamu, 1995; Mogotsi et al., 2013). These droughts have been found to
coincide with the results of the study, however, no weather station showed the
occurrence of droughts in 1974/75. The 1981 to 1987 drought increased the proportion
of households with food insecurity (Parry, 1989; Seekings, 2017). Droughts occur fairly
regularly in the North West province, however in the period between 1985 and 2015
the intensity and frequency of droughts have increased (Serumaga-Zake, 2020).
Figure 4, shows that from 1981 to 1988 the occurrence of droughts was at least

calculated by one or more weather stations.

Byakatonda et al., (2018) indicated that Botswana recorded droughts between the
years, 1991-1999, 2001-2005, 2009-2013 and 2014-2016. In the North West Province
extreme droughts were recorded in 1985-2015, severe droughts in 1995-2004 and
2005-2015, moderate droughts in 1985-1994 and 1995-2004, and mild droughts in
2005-2015 (Botai et al., 2016; Serumaga-Zake, 2020). The results of the study indicate
an increased frequency of droughts in the years 1991-1992, where in the year 1991,
13 stations calculated the occurrence of droughts. In the year 1992, 19 stations
recorded the occurrence of dry drought conditions. The effects of the droughts on
hydrological systems can only be identified where drought occurrence is at longer
timescales (Awange et al., 2016; Homdee et al., 2016; Zhu et al., 2016; Byakatonda

et al., 2018).

The La Nifa years 1967/1968, 1973/1974, 1999/2000, 2010/2011 are periods which

were humid in this region (Byakatonda et al., 2020). However, in the study region
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results indicate that in 1973/1974 two stations recorded the occurrence of dry drought
conditions, two stations in 1999/2000 and five stations in 2010/2011. Some of the
droughts coincided with the ElI Nifio years, 1963/1964, 1982/1983, 1994/1995,
2002/2003, 2004/2005, 2006/2007 and the most recent 2015/2016. The 2015/2016
drought has been identified as the year with the strongest El Nifio in 100 years (Hassen
et al., 2016; Byakatonda et al., 2018). These extreme dry conditions in 2014/15 and
2015/16 resulted in crop failure, food shortages, and economic crises (Hoell and
Cheng, 2018). Wet conditions which followed in 2016/17 further resulted in flooding,

crop destruction and displacement of people (Hoell and Cheng, 2018).

5.2. Spatial frequency of droughts

Kruger and Nxumalo, (2017) and Marumbwa et al., (2019) indicated that there have
been declining rainfall trends over SW parts of southern Africa and increasing trends
in the northern parts of Mozambique, Zambia, and Malawi. Studies conducted by
Marumbwa et al., (2019) indicate that annual rainfall totals in the north (Maun and
Shakawe) are explained by the number of days with rains, more intense events in the
southwest (Ghanzi and Tsabong) and in Serowe and Mochudi in the southeast, the
annual rainfall is explained by a balance between the number of days with rain and

intense events (Marumbwa et al., 2019).

Results of the study indicate Shakawe, and Maun as being characterised by the
frequent occurrence of drought conditions, Shakawe station calculated the occurrence
of moderate to severe dry drought conditions. Batisani, (2011) indicates that
Francistown (Northeast), Ghanzi (West), Kasane (North), Lobatse (South), Maun

(Northwest), and Tsabong (South), these areas are characterised by the occurrence
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of normal drought conditions. However, Lobatse and Maun have greater than 30% of
moderate dry drought conditions (Batisani, 2011). These results coincide with the
results obtained in this study which indicate that the study region is characterised by
normal drought conditions. Shakawe located in the northern section of the study region
calculated the occurrence of moderate to severe dry drought conditions, using both
OK and IDW interpolation methods. The results of the study conducted by Nkemeleng
et al., (2018) suggest that climate change affects Botswana through a decrease in
rainfall. The drought-prone areas are located in the western portion of the study region,
these areas include Shakawe, Ghanzi, Tsabong, Ncojane, Tshane, Middlepits,
Bokspits, and they are in proximity to the Kalahari Desert. The main drivers of these
changes are the effects of ENSO, TTT, movement of the ITCZ and the Angola low
(Reason, and Smart, 2015; Manatsa et al., 2017; Howard and Washington, 2018;
Maruatona and Moses, 2021). The western region of Southern Africa has been

identified to be drier than the other regions (Blamey et al., 2018).

5.3. Contemporary issues related to droughts

A range of studies have indicated that the occurrence of droughts in Botswana are
linked to the Pacific ENSO episodes, hence the area experiences severe drought
conditions (Nicolson et al., 2011). The climate of Botswana is also largely influenced
by the shifting of the ITCZ, westerlies and easterlies (Byakatonda et al., 2018). The
Kalahari Desert in the west and the Okavango basin in the North, and the Limpopo
basis in the SE are physical features that play a role in moderating the local climate
(Mukwada, 2018; Byakatonda et al., 2018). This further explains the distribution of dry
drought conditions around the study region, as per the SPI plots areas in the western

and northern regions experience more droughts as compared to areas in the east.
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Semi-arid areas show high climate variability and over the years this variability has
increased (Ahmed et al., 2018; Mohammed and Scholz, 2019). This variability has a
great influence on the spatiotemporal characteristics of droughts (Ahmed et al., 2018;
Mohammed and Scholz, 2019). Across the study region, one can identify that both
spatially and temporally, precipitation patterns vary, this can be observed from both
the SPI and annual rainfall plots. Droughts that have occurred in the years,
1961/62,1965/66,1980/81,1986/87, 1991/1992, 2001/02, 2005/06, 2009/10, 2012/13,

2014/15, 2015/16, have coincided with the El Nifio years (Byakatonda et al., 2018).

Studies conducted by Pachauri and Reisinger, (2007) and Stocker et al., (2013)
indicate that climate change is likely associated with the shift in the atmospheric
circulation with dry locations getting drier. As a result of these shifts, these locations
may degenerate into hyper-arid areas (Byakatonda et al., 2019). According to the
results of Byakatonda et al. (2019), Botswana is vulnerable to two drought categories
which are severe and moderate dry drought conditions. A study by Batisani et al.,
(2011) indicated that Botswana is prone to moderate dry droughts, and this aligns with
the results obtained in this study which indicated that the study region is prone to

normal drought conditions to moderate dry drought conditions.

The occurrence of below-average rainfall at the beginning of the crop season (sowing)
2013/2014, 2014/2015, 2016/2017 has been linked to the strong episode of El Nifio,
since March 2015 which continued into the early 2016 and its impact persisted well
into 2017 (Cunha et al., 2019; Byakatonda et al., 2020). Rainfall has been decreasing
on both annual and monthly bases as per the average precipitation plot (Figure 11)

and these results are found to be consistent with the results obtained by Batisani and
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Yarnal, (2010). ENSO influences southern Africa through extra-tropical
teleconnections (Pomposi et al., 2018; Monerie et al., 2019). As a result of alternating
Rossby wave trains of pressure and height anomalies that originate from the tropics
during ENSO events, the Southeast Atlantic and southern African regions experience
significant atmosphere circulation and SST (Blamey et al., 2018). A Rossby wave train
(RWT) is a coherent envelope of baroclinic waves propagating along a waveguide at

mid-latitudes and can produce downstream development (Thornton, 2014).

During the year 1997/1998, tropical Africa experienced excess moisture due to a
combination of eastward moisture from the enhanced Angola low and a westward flux
of moisture from the warm tropical Indian Ocean (Reason, and Smart, 2015; Crétat et
al., 2019; Pascale et al., 2019; Rapolaki et al., 2021). In 1997/1998, the increase in
rainfall in eastern Africa was attributed to the presence of anticyclonic anomalies in
the tropical Indian Ocean that developed during an El Nifio event. (Crétat et al., 2019;
Taschetto et al., 2020). During this El Nifilo event, five weather stations recorded the
occurrence of dry drought conditions and 11 computed wet drought conditions (Table
5). As a result of the strong anticyclonic anomaly over the west of southern Africa and
extending into central Africa, moisture flux anomalies were observed over Tanzania
and northern Mozambique, resulting in less atmospheric moisture transport from the

Indian Ocean to southern Africa than would be expected (Reason, and Smart, 2015).

The lack of moisture over southern Africa has led to a decrease in precipitation, fuelling
the occurrence of drought conditions (Figure 7; Figure 8). The average precipitation
plot (Figure 11), shows a decline in precipitation from 1913 to 2019, at a rate of change

of -2.41. During the 2015/2016 drought event, the Botswana High exerted a significant
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influence over rainfall in southern Africa during October, November, and December.
(Driver and Reason, 2017; Nonjinge, 2018; Wilson and Mohanakumar, 2021). The
2015/2016 drought was recorded by seven weather stations in 2015 (Bray Pol,
Bulgerivier, Dippenaarshoop, Vaalharts, and Coligny), 2016 (Zeerust, Bray Pol,
Vryburg, and Bulgerivier), none of the weather stations computed the occurrence of

wet drought conditions (Table 5).

The Angolan low-pressure system forms on the plateau region to the east of the
Angolan and the Namibian highlands (Munday and Washington, 2017). The intensity
of the Angolan low is associated with enhanced local convection, increased westerly
moisture transport from the southeast Atlantic and the penetration of moisture-bearing
north easterlies deep into the subtropics (Mundy and Washington, 2017). Stronger
Botswana high and weak Angola low coincides with dry conditions experienced during
January, February, and March. This has likely contributed to southern Africa's lower
atmospheric stability by transporting drier and cooler South Atlantic air over the

continent (Blamey et al., 2018).

5.4. Limitations of the study

The study was computed for the proposed period however, some limitations arose,
and these limitations include differences in meteorological station equipment used in
the weather stations in Botswana and South Africa. Limited data from the
meteorological offices, which means more time was needed to clean the data available
to make the data user friendly. The results of this study have highlighted that this

region shows spatial heterogeneity wherein weather stations that are closer to one
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another yield highly varying results. This poses a limitation on the results obtained as

areas that are far apart will show high variability.

Methods used also have different limitations, where IDW is not a very good
interpolation method for mountainous areas, however, this method is good for
estimating changes in terrain, e.g., cliffs and fault lines, to be able to overcome this
limitation, OK was chosen as another method for interpolation. The other limitation
arose from the completeness of data. Some weather stations did not have complete
precipitation data, with others having data from the 1920s and others having data
starting from the 1960s, hence the study period was chosen to be from 1970 to 2019

as this is the period where most stations had complete precipitation records.
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Chapter 6: CONCLUSION

This study has provided new insights into the drought distribution in the study region.
It has further indicated that in various regions of the study, there are varying ways in
which drought conditions affect the area. The western and northern regions of the
study have been identified as the regions which are prone to the occurrence of
moderate to severe dry drought conditions. The 12-month SPI has been used to
analyse the occurrence of drought conditions as it compares 12 consecutive months
in the area of the study as compared to the 1,3, 6 timescales that might be affected by
seasonality. The two interpolation methods used in the study which are OK and IDW
have differing results in terms of the type of droughts that are dominant in the study

region.

IDW was found to be a better interpolation method as it could show the varying drought
types. The study further concluded that in the years there has been an increase in the
occurrence of droughts across the study region which might lead to changes in the
livelihoods of various communities. The results indicate modest spatial trends but
strong and coherent temporal trends in the rainfall data in the study region. The results
of this study indicate that normal drought conditions are more prevalent drought
conditions with the frequency of severe dry drought conditions and extremely dry

drought conditions being low in all regions of the study.
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6.1. Achievement of Aims and Objectives

The primary aim of the research is to assess contemporary spatiotemporal variation
in extreme precipitation events in the central part of southern Africa from 1970 to 2019.
The aim of the study was achieved as the spatiotemporal variations of extreme
precipitation events were computed using the SPI to determine both drought and flood
events in the study region. The results of the SPI computation were used to create
maps across the study region using both the OK and IDW interpolation methods.
The objectives include:
e Calculating the standardized precipitation index (SPI) over the past 50 years for
each meteorological station in the study region.
The SPI of the area was computed for each of the weather stations however the
period depended on the available data whereas in some stations data was
available for shorter periods. However, in other areas, meteorological data were
available for longer periods. The results are found in section 8.2. SPI Results,
where SPI plots for all the weather stations were computed.
e Visualising spatiotemporal trends via the use of two different spatial
interpolation methods and assessing their accuracy,
The spatiotemporal trends were computed using IDW and OK. The yearly maps
were computed from 1970 to 2019, and the average SPI maps were computed for

both interpolation methods.
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6.2. Areas for future study

This research was aimed at calculating the 12-month SPI and using two interpolation
methods to map out the spatial distribution of precipitation in the study region. Time
constraints and the scale of this research allowed for the usage of one time period and
two interpolation methods. Future studies can explore the study region using remote
sensing phenology data which uses data obtained by satellite sensors that measure
wavelengths of light absorbed and reflected by green plants. Remote sensing data
can integrate for instance Normalized Difference Vegetation Index (NDVI) and
Normalized Difference Water Index (NDWI) data. NDVI data can be used to identify
whether vegetation in the study region is moisture stressed or there is excess
moisture. Low NDVI values indicate moisture stressed vegetation and high values
indicate high-density green vegetation and this can be used to identify whether in a
certain period the area was experiencing low or excess precipitation. NDWI can also
be used to determine the presence of moisture in vegetation cover. Regional climate
models (RCMs) can be used to model rainfall variability for the Tswana urbanism and
into the future. RCMs are used to gain high-resolution climate information and are also
used as dynamically downscaling tools. The advantage of these methods is that they
can improve the representation of smaller-scale factors as compared to the General
Circulation Models (GCMs). Historical records such as documents and journals can
be integrated with the climate data to assist in identifying the occurrence of extreme

weather events in the study region.
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6.3. Significance of the study

The study was conducted in an area with fewer climate studies, particularly studies
which focus on the spatial distribution of extreme rainfall events. This area has been
reported as having a decrease in precipitation events. The significance of this study is
that it identifies areas that are prone to the occurrence of both drought and flood events
and those areas that have shown no changes in the occurrence of extreme rainfall

events.
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Chapter 8

8.1. Annual Rainfall Plots
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8.2. SPI Results (The 12-month Standard Precipitation Index (SPI))

Bray Pol 1947-2019

1
; \H“HHh Hh adit \H“HHN ||\|H|||h| JII\H“HHM m.‘...|JH““HI“||\‘|||H|“H“H“\|. | mlm HIIIMHIIHIIIHH\ |||‘H|||||H| I hH“M“H" i “HH‘HMI il |“HMIH“‘“I|" ||||mn|m‘“h“hu.. ummll H““ I\\“H\Ilnh.umllm” i

i - Ty . MWW Ll | LA A o 10111

-1 T
w |

-2

-3

-4
MO AN MY N O NN A NMT N OO0 A NS N ONSN0N Q0 AN T NONN AN TN OO AT OSNEO AN N OMNOO
ST NN NW WU N DWW W W W W W W W WM P P P M P M e M~ 00000000 000000 WO O OO0 90000000 0 e e e e e e e e e
(=2 = T = T = T = = = = T T = = = = T = T = = = T = T I = T = I = = ) T = B = = = = ) W = T = R = = = S = I = I = S = S = S = S = S = N = S = T = T = T =) S = I =) I = B = B =) (i =) e e e e = = = = =R = e e i e B e B = == [ = T e i o e
L B I B I I I I I I I I I I I I I I I B I I I I I I I I I I I I I I I I I I I I e I I I I I I I I IR I O o A o Y o A o o o B o Y oA o B o A o B ot N ot Y o B o A ot JN ot N o B o I N

. 5P| == Drought cut off

Figure 8.2a: The 12-month SPI for Bray Pol
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Figure 8.2b: The 12-month SPI for Buffeldoorns
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Bulgerivier 1969-2019
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Figure 8.2c: The 12-month SPI for Bulgerivier

3
Coligny 1968-2015

; \|.uuuh..Llm,_I...|MHM“\H'..... e il ’ hhlnmu ||\||HH\||| MNH““H i

'
=

1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

N SP| e Drought cut off

Figure 8.2d: The 12-month SPI for Coligny
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Delareyville 1927-2013
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Figure 8.2e: The 12-month SPI for Delareyville
Dipenaarshoop 1980-2019
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Figure 8.2f: The 12-month SPI for Dippenaarshoop
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Hendrik Theron 1932-2017
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Figure 8.2g: The 12-month SPI for Hendrik Theron
Klipfontein 1929-2017
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Figure 8.2h: The 12-month SPI for Klipfontein
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Leeupoort 1913-2019
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Figure 8.2i: The 12-month SPI for Leeupoort

Schietfontein 1921-2019
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Figure 8.2j: The 12-month SPI for Schietfontein
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Severn Pol 1966-2019
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Figure 8.2k: The 12-month SPI for Severn Pol
Vaalharts 1935-2019
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Figure 8.2m: The 12-month SPI for Vaalharts
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Figure 8.2n: The 12-month SPI for Zeerust
Ghanzi 1970-2014
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Figure 8.20: The 12-month SPI for Ghanzi
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Lobatse Police Station 1971-2014
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Figure 8.20: The 12-month SPI for Lobatse Police Station
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Figure 8.2p: The 12-month SPI for Ncojane
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Orapa Police Station 1968-2014
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Figure 8.2q: The 12-month SPI for Orapa Police Station

Palapye 1972-2013
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Figure 8.2r: The 12-month SPI for Palapye
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Ramatlabama 1961-2011
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Figure 8.2s: The 12-month SPI for Ramatlabama
Ramotswa 1971-2013
3
2
- 117 il ik i il
0 LTI e Al ‘ .| il ||||||||| Nl il [T— | | li,
1 L \I'||||||H||\|||||||||||'I||||||||||H“|" Bt 1T | fr ||||||||||\H L
-1 m 1] I HI Ll
-2
-3
-4
— ™M s W W~ 0N @ o Mmoo oW WL~ 0N o Mo s oL~ d NS N W M~ o o
P~ I~ I~ I~ > >~ > > > 0 © ¢ © 0 W 0 oW 0 W o o @ ¢ ¢ @ @ 0 h @ < @ < @ @ @@ @ @ @ — - -d
o oy h o v o v S O Y O g v oy o O T O o Sy O o o O O O O o O O O O o O O O
™ =~ N o o o 4 o o A A A A A A A A H A H oA A o A e N N NN NN NN N N

Figure 8.2t: The 12-month SPI for Ranotswa
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Sebina Store 1971-2013
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Figure 8.2u: The 12-month SPI for Sebina Store

Sehitwa 1970-2013
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Figure 8.2v: The 12-month SPI for Sehitwa
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Serowe 1971-2014
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Figure 8.2w: The 12-month SPI for Serowe

Shakawe 1971-2015
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Figure 8.2x: The 12-month SPI for Shakawe
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Tonota 1971-2013
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Figure 8.2y: The 12-month SPI for Tonota
Vryburg 1987-2019
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Figure 8.2z: The 12-month SPI for Vryburg
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Figure 8.2aa: The 12-month SPI for Bobonong

Bokspits 1980-2014
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Figure 8.2ab: The 12-month SPI for Bokspits
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Figure 8.2ac: The 12-month SPI for Francistown

2015

Gaborone 1980

I

La |

s

TN mﬂ B o WA

|

o

ST0¢
r10¢
€T10¢
¢10¢
110¢
0T0¢
600¢
800¢
£00¢
900¢
500¢
00¢
€002
00t
100¢
0002
6661
866T
L66T

9661
5661
re6T
€661
66T
1661
0661
6861
82861
£86T
9861
5861
861
€861
861
1861
0861

Drought cut off

] 5Pl
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Gumare 1980-2013
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Figure 8.2ae: The 12-month SPI for Gumare
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Figure 8.2af: The 12-month SPI for Hukuntsi
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Figure 8.2ag: The 12-month SPI for Jwaneng
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Figure 8.2ah: The 12-month SPI for Kalamare
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Figure 8.2ai: The 12-month SPI for Kalkfontein
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Kang Agromentation 1981-2014
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Figure 8.2aj: The 12-month SPI for Kang Agromentation
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Figure 8.2ak: The 12-month SPI for Letlhakane
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Figure 8.2al: The 12-month SPI for Mahalapye
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Figure 8.2al: The 12-month SPI for Mamumo
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Figure 8.2am: The 12-month SPI for Mashunga
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Middle Pits 1988-2012
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Figure 8.2ao: The 12-month SPI for Middlepits
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Figure 8.2ar: The 12-month SPI for Phitshane Molopo



School 1983-2013
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Figure 8.2as: The 12-month SPI for Qangwa Primary School
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Figure 8.2au: The 12-month SPI for Serongwa
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Figure 8.2aw: The 12-month SPI for Serule
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Figure 8.2ax: The 12-month SPI for Sir Seretse
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Tlokweng Border 1982-2012
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Figure 8.2az: The 12-month SPI for Tlokweng Border
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Figure 8.2ba: The 12-month SPI for Tshane
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Tsabong 1979-2014
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Figure 8.2bb: The 12-month SPI for Tsabong
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Figure 8.2bc: The 12-month SPI for Bainesdrift
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Matsiloje 1981-2012
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8.3. Inverse Distance Weighting
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