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Abstract

This dissertation investigates the impact of the El Nifilo Southern Oscillation (ENSO) on
rainfall variability over the eastern escarpment of South Africa, a key water source for
surrounding regions. Using observational rainfall data from the Climate Research Unit
(CRU) and ERAS reanalysis, this study analyses annual and seasonal patterns in response to
different ENSO phases, namely El Nifio, La Nifia, and neutral conditions, from 1981 to
2023.

The results show that there is significant regional variability, particularly in the eastern
escarpment which tends to record higher annual rainfall compared to other parts of the
country. Seasonal analysis of CRU data identifies the December-February (DJF) and
September-November (SON) seasons as the wettest periods, whereas the June-August (JJA)
season experiences the least rainfall. The results show a strong correlation between ENSO
and rainfall variability, particularly during DJF, when El Nifio events suppress rainfall, and
La Nifa phases enhance rainfall. Notably, the severe El Nifio events of 1982/83 and 2015/16

led to severe drought conditions.

ERAS data is found to closely align with CRU observations, successfully capturing seasonal
rainfall patterns and interannual rainfall variability, though ERAS5 data does slightly
overestimate rainfall. Composite maps highlight spatial differences in rainfall anomalies
associated with ENSO events, clearly identifying the eastern escarpment as one of the
regions most impacted by ENSO. Rainfall anomalies are particularly pronounced over the
eastern escarpment study site, when compared to the country as a whole, especially during

DIJF, with El Nifio phases significantly rainfall, and La Nifia phases enhancing it.

This study underscores the importance of understanding how ENSO shapes rainfall
variability, with implications for water resource management, agricultural planning, and
drought mitigation in South Africa. Improved forecasting of ENSO events could help reduce

economic losses and societal impacts linked to extreme weather climates.
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Chapter 1: Introduction
1.1 Background

The El Nifio Southern Oscillation (ENSO) plays a crucial role in the variability of global
climate, influencing meteorological conditions worldwide annually through its extensive
teleconnections (Trenberth and Hoar, 1997). It strongly influences year to year climate
variability with significant global teleconnections which influence weather patterns across
different regions (McPhaden et al., 2006). ENSO operates on a cycle that includes El Nifio,
La Nifia, and Neutral phases, typically recurring every three to seven years (Meyers et al.
2007). During El Nifio, sea-surface temperatures in the central and eastern Pacific rise
above normal, whereas La Nifia is characterised by below-normal sea-surface
temperatures, as described by Meyers et al. (2007). Both events are driven by shifts in air
pressure between the Australian-East Asian region and the eastern tropical Pacific, a
phenomenon known as the Southern Oscillation, which influences atmospheric dynamics

(McPhaden, 2008).

The impacts of ENSO on the global climate varies regionally, for example, in southern
Africa El Nifio events often lead to drastic drought conditions across the region, negatively
impacting crop yields, and La Nifia events often lead to enhanced rainfall, favouring crops
to produce higher yields (Landman and Beraki, 2015). However, in eastern Africa the
ENSO phases affect rainfall patterns differently. During an El Nifo, wetter-than-normal
conditions occur, which is beneficial for vegetation, and La Nifia events result in
below-average rainfall which leads to drought and reduced agricultural productivity
(Anyamba et al., 2002). The variability in rainfall due to ENSO phases has direct
influences on crop yields, food security and the livelihoods of the people, making ENSO a
critical factor to consider when farmers conduct their agricultural planning (Benhin, 2006,

McPhaden et al., 2006).

While ENSO events can have devastating impacts, there are examples of some economies
around the world that benefited from these events. For example, according to McPhaden
et al. (2006), the 1997-98 El Nino contributed $20 billion to the US (United States)
economy due to reduced occurrences of hurricanes and the abrupt warm winter in the
Midwest. Similarly, in southern and eastern Africa, ENSO-related climate variability has
influenced agricultural activities, a sector that significantly contributes to the regional

economy by accounting for 17% of the regional GDP (Gross Domestic Product)(Alemaw
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and Chaoka, 2006; Nicholson, 2017 ). Understanding the links between ENSO events and
rainfall patterns, particularly in regions like southern Africa where ENSO has such a strong
influence, is vital. The influence of ENSO on rainfall and the consequent impact on
people’s livelihoods, emphasizes the need to understand and prepare for the different

phases and their associated impacts.

Much research has been done on ENSO and it is thought that ENSO occurrences have
been happening for the past 5 millennia (Enfield, 1992). However, it should be noted that
the effects of ENSO are becoming more severe in various parts of the world. The Sixth
Assessment Report (AR6) from the IPCC (Intergovernmental Panel on Climate Change)
acknowledged that while there is uncertainty regarding future shifts in the strength and
occurrence rates of El Nifio and La Nifia events, it is probable that the impacts associated
with ENSO will intensify (Lee et al., 2021, Chapter 4, IPCC AR6 WGI). The
intensification of ENSO phases is more noticeable across various regions in Eastern
Africa, where ENSO is the prevalent factor which has worsened drought conditions,
intensified food insecurity and affected the economic stability of these regions (Nicholson,

2017; Alemaw, 2022).

According to Lee and McPhaden (2010), an analysis of satellite data suggests that the
intensity of El Nifio events in the central equatorial Pacific has doubled in the recent three
decades. Additionally, Lee and McPhaden (2010) obtained insights into the long-term
patterns in the intensity of El Nifio events and noted a significant increase in the intensity
over recent decades. The gradual increase in the intensity of ENSO over the past several
decades illustrates the need to further understand all aspects of this global phenomenon.
Moreover, ENSO is recognized as the primary factor influencing drought occurrences in
southern Africa, exhibiting a strong link between EI Nifio episodes and the region's
precipitation patterns (Landman and Beraki, 2015). Grasping how this pattern and its
effects in Africa might evolve with future climatic shifts is vital, carrying significant
consequences for industry, development, policymaking, and societal structures. An
improved understanding of ENSO events,specifically its link to drought occurrences, will
contribute to planning and adaptation strategies. ness. While this study does not project
future ENSO changes, identifying past ENSO-drought relationships is an important step
toward better preparedness for potential ENSO-induced droughts.
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1.2 Rationale

The eastern escarpment of southern Africa is a crucial region for water, given the large dams
in this area supply water to the entire northern interior of South Africa, including Gauteng,
the economic heartland of the country. Southern Africa is projected to become drastically
warmer and likely drier under intensifying global warming (Ranasinghe et al., 2021). The
associated water shortages in this region would have direct impacts on water supply and
indirect impacts on the economy. This region experiences high interannual rainfall
variability and the El Nifio Southern Oscillation (ENSO) is a dominant driver of this
variability (Nicholson and Kim, 1997). While the overarching connection between ENSO
and southern African rainfall is well-documented, little research has been done on the

specific influence of ENSO on rainfall over the eastern escarpment.

Furthermore, while some comparisons of different ENSO events exist, they often do not
provide the granularity needed to understand local variances in climate response. This
dissertation conducts a detailed comparative study of multiple ENSO events, exploring their
distinct characteristics and differential impacts on rainfall specifically over the eastern
escarpment. Developing our understanding of how rainfall in this region is impacted by
ENSO is critically important for water security in the northern interior of South Africa, and
especially for the agricultural sector, which is a major contributor to the economy and on
which many livelihoods depend (Blamey and Reason, 2023). Knowledge gained in this
project is crucial for informed water management, agricultural planning, and drought

mitigation within such an essential water supply area.

Finally, ERAS reanalysis data is used to benchmark many global climate models (GCMs).
Given the importance of the ENSO-rainfall teleconnection in this region, it is crucial to
assess how well the ERAS outputs themselves capture the ENSO signal, when compared to
observations. The analysis done in this dissertation will provide valuable inputs for future

model analysis and development.

1.3 Aim and Objectives

The aim of this study is to investigate the role of the El Nifio Southern Oscillation in rainfall
variability over South Africa's mega-dam region. This is achieved through the following

objectives:
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© Quantify rainfall variability and its relationship to ENSO over the eastern
escarpment region across all seasons, using observational data (CRU).

© Verify how well ERAS reanalysis data captures the quantified ENSO-rainfall
teleconnection over the eastern escarpment region.

o Understand how historical El Nifio/La Nifia events compare to one another in

terms of their impact on rainfall over the mega-dam region

1.4 Structure of the Thesis

This thesis contains 7 chapters. This introductory chapter (Chapter 1) provides a brief
overview of the research project, detailing the rationale, aim and objectives. Chapter 2
provides an extensive review of the relevant literature. Chapter 3 describes the study site,
data used, and methodologies applied in the analysis. Chapters 4 and 5 are results chapters,
first quantifying the ENSO-rainfall teleconnection using observational data and then
verifying the reanalysis dataset (ERAS). Chapter 6 is the discussion chapter which provides
an interpretation of the key findings from the results chapters. Finally, Chapter 7 is a
concluding chapter that provides a synthesis of the study.
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Chapter 2: Literature review

2.1 El Nino Southern Oscillation

The term EI Nifio was first introduced by Peruvian fishermen and was used during the late
19th century to explain the temperature changes along the coast, which had a negative
impact on local fisheries. It was only during the 1960s when the broader understanding of El
Nifio Southern Oscillation (ENSO) was established, when Jacob Bjerknes surmised that the
coastal El Nifio events were connected to the broader atmospheric changes, now known as
Southern Oscillation, and suggested that the Walker Circulation has a positive feedback role
in the development of ENSO (Trenberth, 1997). Hence, the El Nifio Southern Oscillation
describes a complex and transient global phenomenon involving changes in both sea surface

temperatures (SSTs) and global atmospheric circulation.

El Nifo is used to refer to a weak warm ocean current that moves southward along the coast
of Peru and Ecuador (Trenberth, 1997), where there are abrupt changes in the tropical
Pacific SSTs, while the “Southern Oscillation” refers to the associated changes in the sea
level pressure, overall describing this coupled ocean-atmosphere interaction (Trenberth,
1997). Hence, El Nio is the cyclical warming event affecting sea surface temperatures in
the tropical Pacific, which occurs on average every two to seven years, but not necessarily
in a regular cycle. As for La Nifia, which is the opposite to El Nifio, the phase consists of
enhanced cooling in the central and eastern tropical Pacific, which is accompanied by
strengthened trade winds and increased upwelling near South America (Lee and McPhaden,
2010). That is, it is characterised by cooler than normal SSTs in the Pacific, affecting global
weather patterns (Glantz, 2002). During El Nifio events, a significant amount of heat is
transferred from the ocean to the atmosphere, specifically across the Pacific. This large
transfer of heat influences the global weather patterns including global surface temperatures.
With La Nifia events, there is an increase in the heat absorbed by the ocean, contributing to
different climatic effects (Lee and McPhaden , 2010). Hence, ENSO can have adverse
effects on agriculture, water resources, and disaster management strategies across various

regions across the world (Glantz, 2002).

The development of different ENSO phases is driven by coupled ocean-atmosphere
interactions, with the Walker Circulation being a key component of these processes.

Specifically, during neutral conditions, easterly trade winds traverse the tropical Pacific,
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pushing warm surface water westward, accumulating this warmer water in the western
Pacific, which causes cooler water to rise to the surface in the eastern Pacific through
upwelling (Kessler, 2006). Over the warm water, air rises in the western Pacific, travels
eastward at high elevations, and descends in the eastern Pacific, forming the Walker

Circulation (Kessler, 2006).

When SSTs in the eastern Pacific rise, the temperature gradient between the east and west
weakens, leading to a reduction in the strength of the trade winds and further weakening of
the Walker Circulation (Lindzen and Nigam, 1987; Gill, 1980). Walker Circulation
weakening causes the trade winds to slow down, disrupting ocean currents and raising the
SSTs in the eastern Pacific. This results in El Nifio conditions, the warm phase of ENSO,
which is driven by coupled ocean-atmosphere feedback (McPhaden, 2008). The subsurface
ocean dynamics also play a critical role in the development of El Nifio events. The
temperature anomalies across the subsurface originate from the western Pacific and
propagate eastward, contributing to SST anomalies in the eastern Pacific. This process plays

a crucial role in ENSO dynamics (Kessler (2006); Vecchi and Harrison (2006)).

Over time, the trade winds will strengthen again and can become even stronger than normal,
pushing warm waters back into the western Pacific, while cool waters collect at the surface
in the eastern Pacific (Philander, 2001). This results in La Nifia conditions, characterized by
unusually cold SSTs in the eastern Pacific and a strengthening of the Walker Circulation
(Trenberth and Stepaniak, 2001; DiNezio et al., 2017). The transition between El Nifio and
La Nifia conditions is irregular. Typically, ENSO events last nine to 12 months, but some

events can occur for years (Trenberth and Stepaniak, 2001).

The transition from El Nifio's warm phase to La Nifa's cold phase was not well understood
in Bjerknes's early studies (Philander, 2001). Not much was known about ENSO until the
big El Nifio event of 1982—-1983, which was mostly ignored until it had serious impacts. Up
until the late 1990s, there was far less focus on the impacts of La Nifia compared to El Nifio
events. Only after the intense 1997-98 El Nifio event, did the scientific community develop
interest in forecasting techniques that predicted a strong La Nifia for the summer of 1998.
That is, following the 1997-98 El Nifio, there was a drastic change towards building models
that would predict the behaviour of La Nifia events due to its global impact on weather
systems (McPhaden et al., 2006). Advancements in research have led to a better

understanding of the distinct impacts of La Nifia compared to El Nifo, specifically its
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impact on the hydrological cycle and the responses in the ocean-atmosphere interactions

(Trenberth and Stepaniak, 2001).

2.2 ENSO indices

Our understanding of ENSO dynamics has significantly improved since the early 1980s due
to the development and increased use of different ENSO indices, such as the Southern
Oscillation Index (SOI) and various SST indices (Nifio 1, 2, 3, and 4), which have improved
our ability to monitor and characterise ENSO events (Wang et al., 2017). Each Nifio region
responds differently to ENSO phases, reflecting variations in ocean-atmosphere interactions.
The Nifio 1+2 index captures early ENSO signals near the South American coast, while
Nifio 3 represents classical Eastern Pacific ENSO events (Hanley et al., 2003). The Nifio 3.4
index is widely used to classify ENSO phases, as it provides insights into event intensity and
duration. The Nifo 4 index is more indicative of Central Pacific ENSO events, which have

distinct climate impacts (Hanley et al., 2003).

The Nifo 4 and Nifo 3.4 indices respond differently to the different ENSO phases, with
Nifio 4 showing a weaker response to El Nifio but a stronger response to La Nifia, likely due
to stronger cooling persistence in the central Pacific (Hanley et al., 2003). Furthermore, the
Nifio 3.4 index tends to be more symmetrical between El Nifio and La Nifia events, offering
details about the duration and intensity of ENSO events, and is therefore a key indicator for
ENSO monitoring. According to Hanley et al. (2003), the Nifio 1+2 and Nifio 4 indices are
especially helpful in identifying ENSO patterns during the boreal winter season, which
coincides with the austral summer rainfall season over southern Africa. When combined,
these indices provide a comprehensive view of the complex seasonal and regional variability

of ENSO occurrences.

Yu and Kao (2007) observed distinct decadal variations in the persistence barriers of the
four Nifio SST indices (Nifio 1+2, Nifio 3, Nifio 3.4, and Nifio 4). The persistence barrier,
defined as the month when the lagged autocorrelation of an SST index drops significantly
faster than in other months, indicating minimal persistence, varied across the indices.
Specifically, for the central-Pacific indices (Nifio 3.4 and Nifio 4), these barriers consistently
occurred in the boreal spring from 1958 to 2001. In contrast, for the eastern-Pacific indices

(Nifio 1+2 and Nifio-3), the timing of these barriers shifted from decade to decade. This
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suggests that SST evolutions in the central and eastern equatorial Pacific are influenced by

differing physical processes (Yu and Kao, 2007).

The Nifio 3.4 region, overlapping portions of the Nifio 3 and Nifio 4 regions, covers an area
from 5°N to 5°S and 120° to 170°W (Barnston et al., 1997). This region was defined based
on the stronger correlation between the Southern Oscillation Index (SOI) and SST
anomalies compared to other Nifo regions (Barnston et al., 1997). Timing also influences
which ENSO characteristics are best captured by various indices. The Nifio 3.4 index is
widely used for identifying ENSO events. The Nifio 3.4 index captures ENSO events as they
develop in austral winter (JJA) and strengthen through austral spring (SON), reaching peak
intensity in austral summer (DJF) (Trenberth and Stepaniak, 2001). Other indices, such as
Nifio 1+2, Nifio 4, and the Japan Meteorological Agency (JMA) index, also track ENSO
variability (Hanley et al., 2003), particularly during DJF when ENSO teleconnections are
strongest (Chen et al., 2024).

According to L’Heureux et al. (2024), the Oceanic Nifo Index (ONI) provides a
three-month running mean of SST anomalies relative to a 30-year climatology. It monitors
changes in SST in the equatorial Pacific, notably across the Nifio 3.4 region. El Nifio
(warming) or La Nifa (cooling) phases are identified by climatologists using a threshold of
plus or minus 0.5°C for at least five consecutive overlapping 3-month seasons (L’Heureux et
al., 2024). Changes in SSTs in the Nifio 3.4 region are closely associated with significant
changes in atmospheric circulation, making ONI a key tool for distinguishing between
ENSO episodes (Wang et al., 2016). Specifically, a positive ONI indicates above-normal
SSTs in the central equatorial Pacific during El Nifio, while a negative ONI reflects
below-normal SSTs during La Nifa (Villalobos et al., 2023). Having said this, because of its
strong link with the effects of the worldwide climate variability, the Nifio 3.4 index is one of
the most used ENSO measures and a crucial diagnostic tool in evaluations of the global
climate model outputs, such as those reported in the most recent recent [IPCC ARG6 report

(Lee et al., 2021, Chapter 4, IPCC AR6 WGI).

2.3 ENSO Predictions

Historical analyses of past ENSO events have contributed to improving predictive models,
enabling skillful forecasts longer in advance (Chen and Cane, 2008; Latif et al., 1998;

L'Heureux et al., 2024). However, future projections suggest that greenhouse warming could
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alter ENSO characteristics, potentially increasing the intensity of ENSO events, while
increasing uncertainty in ENSOs forecasts (Chen et al., 2024). ENSO forecasts rely on
coupled ocean-atmosphere interactions, including SST anomalies, subsurface heat content,
and shifts in the Walker Circulation (Latif et al., 1998). However, forecasting accuracy at
seasonal and interannual timescales is still limited by challenges in simulating Pacific

SST variability and its associated atmospheric dynamics (Saurral et al., 2020).

The intensity and frequency of various climatic events, such as heat waves, and hydrological
events, such as floods and droughts, are regulated by ENSO occurrences, which have a
major impact on global atmospheric circulation patterns (Yeh et al., 2018). Fisheries,
agriculture, and ecosystems are all directly impacted by these occurrences, which have an
influence on the environment and regional economies at different scales (Li et al., 2023). It
is important to note that ENSO’s impact is not uniform, as noted by Kao and Yu (2009),
who illustrated that not all El Nifio or La Nifia events produce the same effects, which
complicates the prediction of their impacts. For example, the predictability of ENSO
impacts is influenced by seasonal fluctuations in heat stored in the tropical Pacific Ocean’s
upper layers, driven by wind, which in turn affects global atmospheric circulation. Despite
these complexities, forecasting systems have become more sophisticated over time, allowing
more accurate predictions (McPhaden, 2008). However, early ENSO-related events, such as
the strong 1997-1998 El Nifio, were not well forecast in terms of their commencement,

severity, and duration (Barnston et al., 1999).

Beyond climate forecasts, ENSO is also used to assess global flood risk. The global impact
of ENSO on flood risk is examined using sophisticated modeling frameworks, including
hydrological, hydraulic, and impact models, which help to quantify how ENSO-driven
rainfall anomalies influence flood hazards (Ward et al., 2014). These models demonstrate
how ENSO phases can be used as a predictor of either increased or decreased flood risks in
different regions. ENSO’s impact on flood risks globally is significant, altering the intensity
and likelihood of floods across different regions. Large anomalies in flood volumes caused
by ENSO vary in intensity and severity across regions (Ward et al., 2014). This substantiates
the need to integrate ENSO considerations into disaster risk analyses and policies (Ward et

al., 2014) and to better forecast ENSO events.

Furthermore, forecasting river flow patterns and controlling water allocation to catchment

areas depend on understanding the connection between ENSO and precipitation (Alemaw
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and Chaoka, 2006). Such information is crucial for creating long-term, sustainable water-use
strategies and reducing the detrimental effects ENSO events often have on economies and
societies (McPhaden, 2008). This highlights the importance of better forecasting methods as
they can help reduce the negative impacts of ENSO while making the most of its benefits.
The more accurately we can predict ENSO, the better prepared we’ll be to manage risks and
protect climate-sensitive industries (Wang et al., 2017). To increase forecasting accuracy,
interdisciplinary research combining data science, atmospheric science, and oceanographic
methodologies has been used (Ye et al., 2018). These integrated approaches have enhanced

the ability to detect ENSO variability earlier and with greater precision.

As a result of these efforts, novel methods for more effectively evaluating big datasets have
been developed, improving the accuracy of climate models and ENSO-related forecasts.
Hund et al. (2021) highlight the importance of advanced forecasting methods in mitigating
ENSO’s adverse effects by improving water resource management, optimizing agricultural
planning, and enhancing hydropower operations. Using South America as an example, Hund
et al. (2021) highlights that El Nifio-induced precipitation changes can improve water
availability, benefiting hydropower generation and agricultural productivity when effective
forecasting strategies are in place. By improving ENSO forecasts, societies can transition
from reactive responses to proactive climate adaptation, minimizing economic losses and

optimizing potential gains.

ENSO is a major driver of year-to-year climate variability and affects weather patterns
worldwide. Hence, it is very important that global climate models (GCMs) accurately
represent ENSO to improve seasonal and decadal climate predictions. However, forecasting
the intensity and frequency of ENSO events remains a challenge, partly due to uncertainties
in ocean-atmosphere feedbacks and model biases (Lee et al., 2021, Chapter 4, IPCC AR6
WGI).

Recent improvements in GCMs — driven by stronger computing capabilities, a better grasp
of ocean-atmosphere interactions, and higher model resolution — have led to more accurate
ENSO simulations (Yeh et al., 2018). These improvements are essential for forecasting
extreme weather events, particularly ENSO-driven droughts and floods. However,
uncertainties occur regarding how ENSO will evolve under climate change. Improving
ENSO predictions will enable for more effective adaptation strategies to be developed and

enhanced resilience to climate extremes (Collins et al., 2010).
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2.4 ENSO impacts on regional climate across the globe

ENSO is known to impact rainfall patterns across many geographical regions and
significantly alter regional climates (Douville et al., 2021, Chapter 8, IPCC AR6 WGI).
During El Niflo, many regions around the world experience significant shifts in rainfall
patterns. For example the western coasts of North and South America often receive high
rainfall, , while areas like Indonesia and Australia receive significantly less rainfall
(Douville et al., 2021, Chapter 8, [IPCC AR6 WGI). In contrast, La Nifa often tends to
create relatively cooler conditions which creates above-average rainfall across the western
Pacific and reduced rainfall in the eastern Pacific (Behera et al., 2005). Significant
ENSO-related climate anomalies have also been observed in the United States and Europe
(Lin et al., 2024). ENSO impacts extend beyond regional and global climate, affecting
ecosystems around the tropical Pacific and the economies of multiple countries (Liu et al.,
2023). For example, in the Galapagos Marine Reserve, ENSO-driven changes in SST affect
marine ecosystems, fisheries productivity, and socio-economic conditions for small-scale

fishers (Castrejon et al., 2024).

The rapid changes in rainfall due to these ENSO phases cause catastrophic outcomes such as
flooding, droughts that extend for long periods of time, impacts on agriculture, and food
security (Benhin, 2006; McPhaden, 2008). For example, the 1997-1998 EI Nino event led to
devastating droughts in Indonesia and Australia, while simultaneously causing extreme
flooding in Peru and Ecuador (Bayer et al., 2014). Furthermore, ENSO has drastic impacts
on marine ecosystems, where the enhanced SSTs due to El Nifio significantly affects
phytoplankton growth, which is part of the oceanic food chain. These influences cause
disruptions in marine habitat, impacting biodiversity and the fisheries that rely on them for
sustenance (Castrejon et al., 2024). For example, in Peru, the 1982—-1983 and 1997-1998 El
Nifio events severely impacted the Peruvian anchovy fishery, one of the world’s largest, as
warm waters reduced nutrient upwelling and drastically cut fish stocks (Barber and Chavez,
1983). Similarly, in the western Pacific, the 2015-2016 El Nifio event caused severe
declines in tuna catches, significantly affecting the economies of Pacific Island nations such

as Kiribati and the Solomon Islands (Bell et al., 2018).

ENSO is one of the primary factors that influence extreme weather events. For example, El
Nifio conditions contribute to increased cyclone activity in the central and eastern Pacific

due to the presence of warmer SSTs and favorable atmospheric conditions. Simultaneously,
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the resulting increase in vertical wind shear over the Atlantic suppresses tropical cyclone
formation, reducing cyclone activity in that basin (Vecchi and Soden, 2007). During La Nifia
events, Atlantic hurricane activity increases due to reduced wind shear and warmer waters,
heightening the likelithood of hurricanes impacting the Caribbean, Gulf of Mexico, and
southeastern United States (Vecchi and Soden, 2007; Chen and Cane, 2008). In contrast, in
the central and eastern Pacific, La Nifia conditions generally lead to fewer hurricanes
(Vecchi and Soden, 2007). In the Pacific, El Nifio events significantly influence the
frequency and trajectory of tropical cyclones. Central Pacific El Nifio has been linked to
increased tropical cyclone activity and landfalling storms in East Asia, particularly in China,

Korea, and Japan (Pan et al., 2024).

The variability in rainfall due to ENSO events poses a risk and a significant challenge to the
management of water resources. When drought conditions intensify, it can lead to
destructive outcomes such as deforestation and land degradation (Binns et al., 2001).
ENSO’s activity dramatically influences global temperatures, which often cause anomalies
that disrupt seasonal weather patterns. Lin et al. (2024) and Liu et al. (2023) highlight that
during El Nifio, Pacific SST anomalies modify atmospheric circulation, leading to warmer
winters in the Northern Hemisphere. These shifts influence energy consumption patterns
and agricultural productivity by altering precipitation and temperature distributions.
Whereas, during La Nina events, cooler temperatures often prolong the duration of winter
conditions, impacting heating demands and spring planting schedules for farmers in the

Canadian Prairies and the Midwestern United States (Bonsal et al., 2001).

In southern and eastern Africa, agriculture is the primary economic activity, which
contributes about 17% to the regional gross domestic product (GDP) and supports the
livelihood of 60% of the region's population (Nhemachena et al., 2020). Given the
importance of agriculture and the impact ENSO has on agriculture, these regions are
particularly vulnerable to adverse ENSO effects. For example, in Ethiopia ENSO
negatively impacts rainfall in the region, with the majority of droughts that have occurred
within the past three decades, and resulted in major agricultural stress, occurring during
strong El Nifio events (Matewos, 2019). The climate in eastern Africa is strongly
influenced by ENSO, where drought conditions have intensified and occurred for the past
several decades during La Nifia events, which has caused food insecurity to be rampant

across the region (Qu et al., 2019). Between 2008 and 2010, the drought conditions in East
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Africa were significantly worsened by ENSO which had impacted over 13 million people
(Nicholson, 2017). Droughts of this scale have been linked to reduced agricultural
production and declining water availability, exacerbating food insecurity and economic
vulnerabilities across many regions (AghaKouchak, et al., 2015). Furthermore, East
African countries often see an increase in rainfall during an El Niflo, but when these
intense downpours get too great, some areas may become susceptible to floods (Palmer et

al., 2023).

2.5 ENSO and the southern African Climate

The distribution of rainfall across southern Africa, particularly in areas south of 10°S,
shows relatively high variability across different temporal scales. The climate in this
region follows a distinct seasonal cycle, with alternating dry and wet periods influenced by
ocean-atmosphere interactions. During the austral summer months (December—February),
significant rainfall variability is observed due to prevailing climate drivers (Crétat et al.,
2010). An exception to this is rainfall in the southwestern Cape which peaks during the
austral winter, and the Cape south coast of South Africa, which experiences rainfall
throughout the year (Engelbrecht et al., 2015). According to Nicholson (2017), ENSO
plays a key role in modulating interannual rainfall variability, affecting both the timing and
intensity of seasonal precipitation patterns. Furthermore, the rate of evaporation is
impacted by temperature fluctuations brought on by ENSO events, which in turn affects
the amount of water resources available for agricultural uses. Additionally, the impact of
ENSO on southern Africa's precipitation patterns is modulated throughout the wet season,
with variability influenced by both daily atmospheric dynamics and interactions with other
climate drivers such as the Indian Ocean Dipole (IOD). This complexity makes seasonal

rainfall predictions more challenging Dieppois et al. (2015) .

The impacts of ENSO on rainfall on eastern and southern African regions are marked by
differences in the rainfall patterns in these regions. For instance, during the strong El Nifio
event of 1997/98, regions in eastern Africa experienced high rainfall while in southern
Africa extreme drought conditions were experienced and similar observations were made
during other significant ENSO events (Anyamba et al., 2002). Recently, the 2023/4 El
Nifio brought severe flooding to East Africa, displacing at least 2 million people, causing
loss of lives, and damaging critical infrastructure (OCHA, 2023). This followed the
region’s most prolonged drought (2020-2023), driven by La Nifia, which left millions
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facing starvation and displacement (UNDRR, 2024). This dipole effect is elaborated in
detail by Steinkopf and Engelbrecht (2022), where they clearly demonstrated, using ERAS
and ERA-Interim data, how dry conditions occur in southern Africa and wet conditions in

East Africa during El Nifio events and the opposite during La Nifia events.

Apart from seasonal variations, rainfall in southern Africa also exhibits significant
year-to-year fluctuations. The primary influence on this interannual rainfall variability is
ENSO, affecting summer precipitation in particular by responding to changes in SSTs in
the tropical Pacific Ocean (Behera et al., 2000). Historical records show that ENSO’s
impact on the southern African climate is not uniform. For example, during the 1877-1878
El Nifio, various parts of southern Africa experienced contrasting weather conditions,

highlighting the complexity of ENSO’s impact on the region (Brugnara et al., 2023).

In southern Africa, conditions are usually drier than normal during El Nifio years and
wetter than normal during La Nifa years (Blamey and Reason, 2023; Rouault et al., 2024;
Steinkopf and Engelbrecht, 2022). Numerous studies consistently demonstrate that rainfall
across southern Africa, particularly in South Africa, is typically below average from
December to March during El Nifo episodes (Dieppois et al., 2015; Rouault et al., 2024;
Nicholson, 2017). However, according to a recent study by Mpheshea et al. (2025), not all
El Nifo events have the same effects on rainfall in the region. The distinction between the
types of El Nifio events is made according to the origin of the event. They noted that El
Nifio originating from the Eastern Pacific (EP) tends to have more severe impacts as

compared to El Nifio from the Central Pacific (CP).

ENSO’s effects are not uniform across the region — different climatic and geographic
settings cause summer and winter rainfall zones to respond differently (Brugnara et al.,
2023). For instance, it has been noted that the Western Cape region of South Africa can
have above-average winter rainfall during El Nifio episodes, in contrast to the region as a
whole, which generally exhibits dry conditions (Reason and Rouault, 2005). Furthermore,
not all El Nifio events result in drought conditions throughout the region. For instance,
South Africa received normal to above-average rainfall during the 1997-1998 El Nifio
period, despite the fact that it caused drought conditions in several areas of southern Africa
(Lyon and Mason, 2009). ENSO’s impact is not isolated and is influenced by other
large-scale phenomena. Specifically, the fluctuating SST anomalies, associated with El

Nifio, when combined with other climate parameters, such as wind patterns and ocean heat
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content, result in varying rainfall characteristics, which contribute to the contrasting
influence of ENSO (Kao and Yu, 2009). Furthermore, the way that ENSO influences the
development of Tropical Temperate Troughs (TTT) is one of the main elements causing
variability in the region. In regions like Botswana, Zimbabwe, and South Africa, these
northwest to southeast cloud bands are a major contributor to the region's intense summer
rainfall. Fewer TTTs form during El Nifio years, which lowers rainfall and exacerbates

drought conditions (Hart et al., 2018).

In examining how ENSO influences intra-annual rainfall cycles in southern Africa,
Alemaw (2022) confirms a strong link between ENSO and DJF rainfall patterns. The study
finds that in 40.5% of the region, higher Nifio 3.4 values correlate with increased DJF
totals, indicating a positive relationship between SST anomalies and seasonal precipitation.
An additional 17.4% of the region shows a weaker but statistically positive correlation
between the two variables. That is, it is further confirmed that during El Nifio years,
southern Africa tends to experience below average rainfall, whereas during La Nifia years,
there are above average rainfall conditions. Such rainfall patterns are more pronounced in

regions across Zimbabwe, Namibia, South Africa, Botswana, and Zambia (Alemaw, 2022).

It is clear there is a well-established relationship between ENSO and rainfall over the
broader southern African region. Given that fluctuations in rainfall have a direct impact on
agriculture, where food security depends on seasonal precipitation, the forecast of
ENSO-rainfall impacts are crucial for the agricultural sector. Variations in temperature and
rainfall can have a significant impact on crop output, and consequently the broader
economy (Benhin, 2006). El Nifio years can result in widespread crop failures because of
the dry weather, while La Nifia years tend to have wetter conditions that improve soil
moisture and increase agricultural output, although there is a risk of flood events. This
highlights the importance of developing early warning systems and climate adaptation
strategies to mitigate the risks associated with ENSO variability. Furthermore, the skill of
seasonal forecasts is dependent on ENSO (Landman et al., 2001) and therefore it is crucial
to fully examine the relationship between ENSO and rainfall in the region, especially a

critical water-supply sub-region like the eastern escarpment.
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2.6 Eastern Escarpment Mega-Dam Region and ENSO

The Maluti Mountains in Lesotho, southern Africa, form a prominent escarpment, with
elevation that exceed 1000 metres between valley floors and adjacent peaks (Taylor et al.,
2016). Mathinya et al. (2022) investigated patterns of precipitation and river discharge in
the Maloti-Drakensberg region, highlighting significant variability in rainfall distribution.
The study revealed that annual precipitation in the uThukela catchment ranges from
approximately 600 mm in lower-lying areas to 2000 mm in high-elevation regions.
Notably, rainfall increases with altitude, contributing to distinct precipitation patterns
across different zones. The role of alpine wetlands and grasslands in regulating water flow
and buffering against extreme rainfall events was also emphasized, as degradation of these

ecosystems has led to increased variability in river discharge (Mathinya et al., 2022).

The eastern escarpment is a prominent geographical region, which serves an important role
in the hydrological system of southern Africa. The escarpment separates the coastal areas
and the interior plateau, acting as a blockade that allows it to control weather patterns and
the distribution of rainfall across South Africa (Taylor et al., 2016). The barrier between
the ocean and land causes air masses from the ocean to get uplifted as they encounter the
escarpment. During its upliftment along the escarpment, the air mass cools down and
releases moisture in the form of precipitation. This whole process is what allows regions
along the escarpment to experience a large volume of convective rainfall in South Africa
(Blamey and Reason, 2023). Lesotho’s rainfall variability is strongly influenced by ENSO,
which affects both inter-annual and seasonal precipitation trends (Nash and Grab , 2010;

Hlalele and Makhubele, 2024).

Specifically, as with the broader southern African region, during El Nifio (La Nifia) events,
Lesotho often experiences below-average (above-average) rainfall, (Hlalele and
Makhubele, 2024). The Maluti-Drakensberg, has a highly elevated landscape and complex
topography, which would exhibit increased sensitivity to climate variability, including
interannual shifts associated with ENSO phases. However, the relationship between
altitude and climate sensitivity is not fully understood. For example, Mbiriri et al. (2018)
found that altitude plays a role in modulating drought patterns, but their results do not
necessarily support the claim that altitude enhances all ENSO-related impacts. The local

impacts of ENSO are strongly influenced by altitude, with higher elevations experiencing
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pronounced climate fluctuations, including changes in snowfall patterns. Given that
mountain ecosystems serve as vital water sources and support economic activities beyond
their immediate boundaries, effective conservation and disaster management strategies are
necessary to mitigate the vulnerability of the region to drought conditions (Mbiriri et al.,
2018). Taylor et al (2016) highlight that the Lesotho highlands and the Drakensberg
escarpment function as the so-called ‘water tower’ of South Africa, supplying major river

systems that extend across the country.

The high-altitude topography of the escarpment allows for the slow distribution of water
from high rainfall events, acting as a natural water reserve. The controlled release of water
from reservoirs plays a vital role in regulating river flows, particularly during periods of
low rainfall. Such regulation is crucial for maintaining downstream ecological balance, as
it influences water temperature, oxygen levels, and sediment transport, all of which are
critical for sustaining aquatic biodiversity and ecosystem functioning (Impson et al., 2007).
However, recurring ENSO events, specifically strong El Nifio phases, have been associated
with severe droughts in southern Africa, posing risks to water security in Lesotho and

South Africa (Alemaw, 2022; Brugnara et al., 2023).

The Lesotho Highlands Water Project (LHWP), which supplies water to South Africa, is
highly sensitive to ENSO-induced fluctuations in seasonal rainfall (Hlalele and
Makhubele, 2024). The project's extensive infrastructure, including major reservoirs such
as Katse and Mohale, has led to its designation as a "mega-dam" region (Engelbrecht et al.,
2020). These dams are strategically located in the remote mountainous areas of Lesotho,
harnessing the water resources of the Senqu/Orange River system. Given the increasing
hydroclimatic variability associated with ENSO and projected climate change,
understanding future precipitation patterns is critical for adaptive water management
strategies. As key water catchment areas, these mountain regions are legally protected in

South Africa and Lesotho (Nel et al., 2013).

Beyond its unique geography that enhances water collection, the escarpment is also
characterised by extensive grasslands and indigenous woodlands. The grasslands and
woods of Lesotho are essential to preserving the water cycle. By allowing rainwater to
seep into the soil, they restore subterranean supplies that local communities rely on for

farming and drinking water (Binns et al., 2001). Water supplies are kept steady over time
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by the dense plant cover, which slows down runoff, prevents soil erosion, and ensures that
aquifers gradually refill. Lesotho’s climate is highly variable , shaped over time by
ENSO’s shifting patterns. It has experienced both extreme droughts and destructive floods
(Beharie, 2019), which has implications for water supply in the broader region, impacts

livestock and can lead to food shortages.
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Chapter 3: Data and Methodology

3.1 Study Site
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Figure 3.1: Study Area: South Africa with Eastern Escarpment

Semi-arid regions make up the majority of South Africa. However, due to its irregular
geography, it features a variety of climates, from sub-humid and moist near the eastern shore
to semi-arid and desert in the dry northwest (Benhin, 2006). The Orange-Senqu River,
which drains water out of the Drakensberg mountains and empties into the Atlantic Ocean,
has the largest catchment area, covering an area of around 100,000 km? (Taylor et al., 2016).
Long-distance water transmission from the Orange-Senqu watershed of the
Maloti-Drakensberg to a number of urban and irrigation farming locations has been made

possible in the contemporary age (Earle et al., 2006).
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This study concentrated on the eastern escarpment of southern Africa (as shown in Figure
3.1), a region that receives most of its rainfall in summer and is expected to experience
significant drying due to future climate changes (Engelbrecht et al., 2015). The Drakensberg
mountains range in elevation from 2000m to over 3000m above sea level. Being a summer
rainfall region, it receives most of its rainfall between November and February, with annual
average rainfall of 1000mm (Blamey and Reason, 2023). During the austral summer
months, temperatures can range from 20°C to over 30°C. Winter months are cold, with
common occurrences of snowfall at the higher elevations and where temperatures can drop

below 0°C (Mbiririet al., 2018).

The mega-dam area within this escarpment is vital for water supply to South Africa's
northern interior. Essentially, the Drakensberg area along the eastern escarpment is crucial
for water provision across southern Africa. The Gauteng province, reliant on water from this
region, is a major economic hub, home to 42 percent of the urban population, responsible
for half of the country's industrial output, and up to 80 percent of its mining production
(Bills, Illgner and Nel, 2001). With water resources being finite, the absence of adequate
conservation measures could detrimentally affect both the economy and the broader

population. Implementing drought mitigation strategies could help lessen these effects.

In focusing on the mega-dam area, particularly within the Drakensberg region of the eastern
escarpment, this area underscores its essential contribution to water provision across
southern Africa, including the economically pivotal Gauteng province. Rainfall across the
southern African region is influenced by ENSO (Reason et al., 2006; Landman and Beraki,
2015), but it is important to further develop our understanding of the ENSO rainfall
teleconnection in this sub-region. Given the finite nature of water resources, the absence of
effective conservation and drought mitigation strategies could severely impact the economy
and the well-being of the broader population. Therefore, understanding the nuances of
ENSO's influence on this critical region's precipitation patterns becomes paramount, guiding

the development of strategies to mitigate the adverse effects of climatic fluctuations.

3.2 Data

3.2.1 Rainfall Data

Rainfall is one of the primary variables impacting hydrology (Sazib et al., 2020). This study
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relied on the Climatic Research Unit (CRU) TS (Harris et al., 2020) and ECMWF
Reanalysis v5 (ERAS) data (Hersbach et al., 2020) to assess the impact of ENSO on
precipitation variability in South Africa's mega-dam region. ERAS was chosen over
ERAS5-Land as it provides near-coastal grid points and includes a wider set of atmospheric
variables required for ENSO-related analysis (Hersbach et al., 2020). The study has
investigated how ENSO affects rainfall patterns along the eastern escarpment, using rainfall

records and the Nifio 3.4 index spanning from 1981 to 2023 for analysis.

The latest version of the CRU TS (version 4.08) was acquired from the CRU website (CRU,
2023). This dataset offers a grid-based, station-derived time series of climate variables like
temperature and precipitation, spanning from 1901 to present, at a 0.5° horizontal resolution
(Harris et al., 2020). The CRU TS data, known for its high-quality climate variable
measurements, has been employed in several studies (see Harris et al., 2020). Since the
2000s, this dataset has supported various research projects in Aftrica (e.g. Hersbach et al.,
2020; Gleixner et al., 2020; Steinkopf and Engelbrecht, 2022) and has been shown to
correctly capture many of the spatial and temporal characteristics of rainfall in Africa, and
particularly southern Africa (Steinkopf and Engelbrecht, 2022). Additionally, CRU has the
advantage of being spatially and temporally consistent to fully understand how ENSO has
impacted rainfall over the mega-dam region, in-situ observations would usually be
examined. However, due to challenges in accessing consistent, long term station records
across study the area, the CRU dataset, which makes use of quality controlled historical
station data, is used for the baseline assessment (Harris et al., 2020; Dedekind et al., 2016a;
Crétat et al., 2010). Nonetheless, studies have shown that CRU rainfall estimates in southern
Africa can be less reliable in areas with sparse station coverage, which can introduce biases

in representing local rainfall variability ( Harris et al., 2020; Gleixner et al., 2020).

The second part of this project involved an assessment of how well a reanalysis dataset
captures the observed impact of ENSO on rainfall in this region. Specifically, the latest
version of the European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS
reanalysis dataset is evaluated. ERAS5 merges model predictions with observational data,
including both terrestrial and satellite sources (Hersbach et al., 2020). This dataset is an
upgraded version from its predecessor, ERA-Interim (Dee et al., 2011) and has an improved
spatial resolution (0.25° x 0.25°) and better temporal resolution. The dataset covers a wider
period which spans from 1950 to present, with 137 vertical levels which provides a better

representation of the atmospheric processes (Hersbach et al., 2020). ERAS resolves some of
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the biases that were in ERA-Interim, one of which is the overestimation of rainfall in
tropical regions, and improved interannual variability (Hersbach et al., 2020). For instance,
in East Africa, ERA5 decreases the biases observed across rainy seasons and provides an
improved representation of spatial rainfall distribution during extreme years (Gleixner et al.,
2020). For comparison, ERAS5 data was re gridded onto the CRU grid using bilinear
remapping, to allow for both datasets to have a consistent spatial resolution. Several studies
have utilised this approach, especially when trying to understand climate dynamics and in
assessments of ENSO’s influence on water resource management (Hersbach et al., 2020;

Steinkopf and Engelbrecht, 2022; Gleixner et al., 2020).

3.2.2 Nifio 3.4 index

ENSO episodes are identified using a variety of measures and indices, with the Nifo 3.4
index being a well-known index k for monitoring global climate changes associated with
past teleconnections (Trenberth, 1997; Hanley et al., 2003). That is, the Nifio 3.4 index is
used to monitor and describe the ENSO cycle. Hence, this study used the Nifio 3.4 index to
define historical ENSO events. It is defined as the area-averaged SST anomalies over the
Pacific Ocean’s Niflo 3.4 zone, which extends from 5°N to 5°S and from 120°W to 170°W
(Figure 3.2). Specifically, the Nifio 3.4 index was obtained from the National Oceanic and
Atmospheric Administration (NOAA) website (NOAA, nd). Following the methodology
of Steinkopf and Engelbrecht (2022), the Nifo 3.4 index was averaged for December to
February (DJF). When this seasonal average was over 0.5, it was considered an El Nifio
phase; when the DJF average Niflo 3.4 index was below -0.5, it was considered a La Nifia
phase. When there was neither an El Nifio nor a La Nifia, neutral phases were identified.
This 3-month DJF average was selected because it is when the ENSO signal is most

pronounced.
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Figure 3.2: A map of the regions used for various Nifio indices (UCAR, 2024).
3.3. Methodology

3.3.1 Composite Anomaly Maps

This study employed composite anomaly maps to capture the annual fluctuations in rainfall
throughout southern Africa under El Nifio, La Nifia and neutral scenarios. These maps
were constructed by calculating seasonal rainfall deviations from the long-term seasonal
norm and then compiled these deviations for every instance of El Nifio, La Nifa and
neutral phases. This method enabled an in-depth analysis of precipitation variances in the
mega-dam region amid varying ENSO conditions. The study segmented the analysis by
season — austral summer December to February (DJF), autumn March to May (MAM),
winter June to August (JJA), and spring September to November (SON) with ENSO
periods determined by the DJF averages of the Nifio 3.4 SST anomalies (see Section
3.2.2). The ENSO phase associated with the other seasons was identified as follows: the
JJA and SON before the DJF were classified as part of the event, whilst the MAM after
was considered part of the same DJF event (Steinkopf and Engelbrecht, 2022). For
example, if DJF of 2015/16 was identified as an El Nifio, the preceding JJA and SON of
2015 were also El Nifio and the following MAM of 2016 was an El Nifio. The creation and
examination of composite anomaly maps was done for both the CRU and ERAS datasets.
This enabled for another verification of the ERAS dataset, given that the composite
anomaly plots could be used to understand how well EARS captured the expected
ENSO-rainfall signal that was observed in the CRU composite plots.
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3.3.2 Data Analysis

Rainfall data were analysed using descriptive statistics, including mean, minimum,
maximum, and standard deviation, to understand the rainfall distribution. These metrics
provided a comprehensive understanding of the central tendency and spread of the data,
while also identifying any extreme values (outliers) that would potentially distort the
analysis. These calculations were done for both the whole of South Africa and the eastern
escarpment. The analysis was undertaken for different temporal scales: yearly, seasonal
and monthly. Time-series analysis was used to investigate temporal variability at both the
monthly and seasonal levels. This included composite grouping of ENSO phases, visual
inspection through line plots, and statistical association using Spearman’s rank correlation.
The calculations and analysis of these metrics was done using the following Python
libraries throughout the analysis: xarray, netCDF4, numpy, pandas (for handling and
processing climate and tabular data), scipy.signal, matplotlib and seaborn (for data
visualisation), cartopy (for geospatial plotting), and geopandas and shapely (for vector

based spatial operations and regional masking).

To ensure an accurate comparison between the observational and modelled outputs,
bilinear remapping was used to regrid the EARS data onto the same 0.5° by 0.5° grid as the
CRU data. Specifically, the remapping module of the Climate Data Operators (CDO) was
used to regrid the data (Schulzweida, 2021). To understand the similarities and differences
between the ERAS5 and CRU datasets, annual and seasonal rainfall patterns were
compared. Additionally, bias plots were created for all seasons and used to identify regions
where ERAS is over- or under-estimating the seasonal rainfall totals. Furthermore, rainfall
data was arranged according to ENSO phases that were identified using the Nifio 3.4 index
(see Section 3.2.2). This approach simplified the process of identifying differences in
rainfall patterns across each ENSO phase. For instance, rainfall anomalies during different
El Nifio years could be compared to each other and between the two data sources, enabling
for a more detailed understanding of how different historical ENSO events compared to

each other and further verification of ERAS against the observations.

To explore the relationship between ENSO and rainfall variability, correlation and
regression analyses were done. Spearman’s Rank Correlation, a non-parametric statistical
test, was used to determine the strength and direction of the relationship between the ENSO

index (Nifio 3.4) and area-averaged rainfall anomalies. This method assesses the monotonic
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association between two variables without assuming a normal distribution, making it
well-suited for analyzing climatic data (Spearman, 1904). The analysis was focused on the
seasonal and annual time periods to study ENSO’s influence on rainfall. To determine if the
El Nifio or La Nifa periods were linked to wetter or drier conditions, the correlation values
were analyzed. Furthermore, using Nifio 3.4 index and historical data for CRU and ERAS,
an analysis was conducted to study the statistical relationships between ENSO phases and
rainfall patterns. The investigation included visual inspection of the time series plots, which
showed periods of significant variation in rainfall patterns across time. In addition, we used
histogram plots to visualise annual precipitations for South Africa and for the eastern
escarpment, computed separately for CRU and ERAS to summarise central tendency,
dispersion, and skewness and to screen for outliers. Precipitation distributions were also
arranged according to ENSO phases (El Nifio, La Nifla, and neutral years) to assess the
regularity and variability of rainfall patterns during each of these periods. The Nifio 3.4
index was selected for ENSO classification following the methodology of Steinkopf and
Engelbrecht (2022).

In summary, the methodology offers a clear way to investigate the relationship between the
eastern escarpment rainfall variability and ENSO in South Africa, with a particular focus on
the eastern escarpment region. Through the use of CRU and ERAS rainfall datasets and the
Nifio 3.4 index for sea surface temperature anomalies, we carried out a thorough study of
the intricate relationship between ENSO and rainfall. We improved our understanding of

this association by applying statistical analysis and the creation of composite anomaly maps.
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Chapter 4: Observational Data Analysis

4.1 Overview of CRU Data Analysis

Chapter 4 explores the distribution of rainfall along the eastern escarpment by using a
gridded observational dataset from the Climatic Research Unit (CRU) to establish and
understand the influence of ENSO events on rainfall in this region. The chapter seeks to
identify variations in rainfall patterns across different temporal scales and across different
spatial scales (South Africa versus the eastern escarpment). By using the Nifio 3.4 index,
the ENSO-rainfall teleconnection is investigated. Correlation analysis is used to examine
how ENSO phenomena affect rainfall in the region, providing a foundational overview of

spatial and temporal trends that are further explored in subsequent chapters.

4.2 Annual and Seasonal Rainfall Distribution and Variability

Annual rainfall totals across South Africa show significant regional variability. The
well-known west-east rainfall gradient in South Africa is clearly evident (Figure 4.1). In the
country's eastern region, particularly around the eastern escarpment, mean annual
precipitation is notably higher, typically 600mm and above per annum (Figure 4.1), while in
the western regions mean annual precipitation is much lower, less than 300mm per annum
(Figure 4.1). Notable exceptions are parts of the Western Cape region and the southeastern
Cape coast, which both receive 500mm to 800mm of rain per year (Figure 4.1). The eastern
escarpment region is characterized by relatively high annual rainfall totals with spatial
heterogeneity. Mean annual rainfall increases from north (600-700mm) to south, especially
the southeastern extent (800mm and above), with an average of 624.93 mm of rain per

annum over the eastern escarpment study site (Figure 4.1, red box).
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Figure 4.1: Spatial distribution of CRU total annual rainfall (mm) across South Africa, for the period
1981-2023, with the rectangular (red) box highlighting the study site.

Rainfall in South Africa is marked by large seasonal variability across different regions. The
eastern region of South Africa receives most of its rainfall during the austral summer,
December-January-February (DJF), and austral spring, September-October-November
(SON), seasons, while the southwestern Cape region receives most of its rainfall during the
austral winter, June-July-August (JJA), and austral autumn, March-April-May (MAM),
seasons (Figure 4.2). Along the southwestern parts of the Eastern Cape, rainfall occurs
throughout the year (Figure 4.2). Seasonal rainfall totals averaged across South Africa are
highest during DJF (157.03 mm, Table 4.1), with a maximum of 1086.0 mm recorded on the
eastern extent of the country (Table 4.2), and also highly variable (standard deviation of
138.79 mm). Consistent with the country-wide analysis, across all four seasons, seasonal
rainfall over the eastern escarpment is highest in DJF (average of 320.43 mm), with a

maximum of 1086.0 mm and minimum of 0 mm recorded over this period (Table 4.2). DJF
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rainfall over the study site is also highly variable compared to other seasons (standard

deviation of 147.92 mm, Table 4.2).

During the MAM season, rainfall totals over the southwestern region start to increase, while
totals decrease over the eastern extent (Figure 4.2). The average MAM rainfall across the
country drops to 86.39 mm and is less variable (standard deviation of 67.81 mm), with a
maximum of 565.20 mm (Table 4.1). While total seasonal rainfall over the eastern
escarpment does decrease during MAM, the season is not as dry as JJA (Figure 4.2). The
average MAM rainfall over the eastern escarpment is 143.69 mm, with a maximum of
565.20 mm and a minimum of 0 mm (Table 4.2), which is less variable as was noted across
the entire country. It is notable that for DJF and MAM the maximum value recorded in the

eastern escarpment study site is the same as the maximum across the entire country.

During the period 1981-2023, South Africa experienced its lowest spatially averaged
seasonal rainfall during JJA, making it the climatologically driest season country-wide
(mean = 30.29 mm, standard deviation of 54.13 mm, Figure 4.2, Table 4.1). While northern
parts of the country received little to no rainfall during JJA, the maximum average JJA
rainfall of 585.80 mm (Table 4.1) was recorded in the western region of the country.
Considering the eastern escarpment, across all four seasons, JJA is characterised by the
lowest average rainfall, with the least variability (40.62 mm, standard deviation of 40.66
mm), ranging from a minimum of 0 mm to a maximum of 515.80 mm (Table 4.2). It is
notable that in both JJA and MAM, rainfall across the eastern escarpment displays a

north-south gradient, similar to the mean annual totals (Figures 4.1 and 4.2).

The SON season is characterised by increasing rainfall totals over the country as a whole
and the eastern escarpment study site (Figure 4.2), making it the next highest contributor to
annual rainfall totals after DJF. South Africa receives 85.17 mm of rainfall on average
(standard deviation of 89.03 mm) during SON, with a minimum of 0 mm and maximum of
686.10 mm(Table 4.1), reflecting the seasonal nature of rainfall patterns reported across
South Africa (Rouault et al., 2024). Over the eastern escarpment study site, the average
seasonal rainfall during SON is higher and more variable than the country average, at
194.31 mm (standard deviation of 102.29 mm), with minimum and maximum values of 0
mm and 644.40 mm, respectively (Table 4.2). This highlights that DJF and SON are the
wettest seasons, while JJA remains the driest, particularly in the eastern escarpment.

Additionally, variability is highest in DJF and SON, as seen in their larger standard
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Figure 4.2: Mean seasonal CRU rainfall totals (mm) across South Africa for 1981-2023, with the rectangular

(red) box highlighting the study site.

Table 4.1: Rainfall statistics per season across South Africa for the period 1981-2023

Standard 25th Median 75th
Season Mean Minimum | Maximum | Deviation | Percentile (50th) Percentile
DJF 157.03 0 1086 138.79 34.3 131.2 248.7
MAM 86.39 0 565.2 67.81 38.4 79.2 121.2
IJA 30.29 0 585.8 54.13 1.3 8.9 35.73
SON 85.17 0 686.1 89.03 15.9 58.7 126.7
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Table 4.2: Rainfall statistics per season across eastern escarpment study site, for the period

1981-2023
Standard 25th Median 75th
Season Mean Minimum | Maximum | Deviation | Percentile (50th) Percentile
DJF 320.43 0 1086 147.92 259 332.9 401.7
MAM 143.69 0 565.2 77.15 99.08 141.3 189
JJA 40.62 0 515.8 40.66 13.08 30.4 55.4
SON 194.31 0 644.4 102.29 134.67 196.4 262.13

The rainfall distribution over South Africa and the eastern escarpment is shown in Figure
4.3. The distribution provides an overview of how rainfall is spread across these regions.
South Africa (Figure 4.3a) receives a mean annual rainfall of 429.60 mm, with high
variability (SD1: £260.45 mm), indicative of the well-known uneven distribution of rainfall
across the country. Most of the country receives relatively lower rainfall, with certain
regions receiving significantly higher rainfall totals. In contrast, the eastern escarpment
(Figure 4.3b) receives a higher mean annual rainfall of 706.75 mm, nearly double that of

South Africa.

The rainfall in the eastern escarpment is shown to be more symmetric and bell-shaped,
indicating that rainfall is more evenly spread across the area. The lower variability in
rainfall over the eastern escarpment (SD1: +£156.37 mm) is not surprising given that the
study site is a smaller region that falls within the same summer rainfall zone. The higher
density around the 600-800 mm range suggests that most areas within the study site receive
similar levels of rainfall, leading to a more uniform annual precipitation pattern. The
differences in rainfall distributions highlight the need for subregion water resource planning

and management, and the need to investigate ENSO-driven changes at a smaller scale.

39



a: South Africa b: Eastern Escarpment

——- Mean: 429.60 H H H —-- Mean: 706.75

----- 5SD1: £260.45 4 H | : = 5D1: £156.37

0.0030 4

I~

0.0025 4

Density

750 1000 1250 1500 1750 2000 400 600 800 1000 1200 1400
Yearly Precipitation (mm) Yearly Precipitation (mm)

Figure 4.3: Mean annual rainfall distribution across (a) South Africa and (b) the eastern escarpment study site

for CRU, with mean (thicker dotted line) and standard deviations (thinner dotted lines).

4.3 Quantifying the ENSO-Rainfall Relationship
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Figure 4.4: Nifio 3.4 Index for the DJF season for the period 1981 to 2023.

ENSO is a major driver of rainfall variability in southern Africa. The climate system, during
the time 1981-2023, oscillated between El Nifio, La Nifia, and neutral events (Figure 4.4). A
number of El Nifio events are visible in Figure 4.4, with a notable event occurring in the
early 1980s, 1998, 2010, and 2015 when the SST anomalies were notably large.

Furthermore, many La Nifa events have occurred, including the most prominent ones in the

40



mid-1980s, early 2000s, and late 2010s, where the maximum SST anomalies are apparent

(Figure 4.4). In reference to the Nifio 3.4 index described in Chapter 3, the identified and

analysed ENSO events in this study are listed in Table 4.3.

Table 4.3: Breakdown of ENSO years from 1981 to 2023 according to the Nino 3.4 index

Seaso

n

El Niiio Years

La Nina Years

Neutral Years

DIJF

1982/3, 1986/7, 1987/8,
1991/2, 1994/5, 1997/8,
2002/3, 2004/5, 2006/7,
2009/10, 2014/5,
2015/6,2018/9

1983/4, 1984/5, 1985/6,
1988/9, 1995/6, 1998/9,
1999/2000, 2000/1,

2005/6, 2007/8, 2008/9,
2010/1, 2011/2, 2017/8,
2020/1, 2021/2, 2022/3

1981/2, 1989/90, 1990/1, 1992/3,
1993/4, 1996/7, 2001/2, 2003/4,
2012/3, 2013/4, 2016/7, 2019/20

SON/J
JA

1982, 1986, 1987, 1991,
1994, 1997, 2002, 2004,
2006, 2009, 2014, 2015,
2018

1983, 1984, 1985, 1988,
1995, 1998, 1999, 2000,
2005, 2007, 2008, 2010,
2011, 2017, 2020, 2021,
2022

1981, 1989, 1990, 1992, 1993, 1996,
2001, 2003, 2012, 2013, 2016, 2019

MAM

1983, 1987, 1988, 1992,
1995, 1998, 2003, 2005,
2007, 2010, 2015, 2016,
2019

1984, 1985, 1986, 1989,
1996, 1999, 2000, 2001,
2006, 2008, 2009, 2011,
2012, 2018, 2021, 2022,
2023

1982, 1990, 1991, 1993, 1994, 1997,
2002, 2004, 2013, 2014, 2017, 2020

The spread in the rainfall anomalies at the individual grid points across the eastern

escarpment study site (Figure 4.5) indicate that there are some regional responses to ENSO

phases with large differences in magnitude and variability. The eastern escarpment study site

tends to have high variability in the ENSO-induced rainfall anomalies, particularly for the

DJF and SON seasons. The presence of many outliers is not surprising given this is a grid
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point analysis and there is likely much variability both spatial and temporally across

different ENSO events.

The below-average rainfall that is prominent over the region during El Nifio events and
above-average rainfall during La Nifla events, is clearly evident in the boxplots for DJF
(Figure 4.5a). It is notable that the negative anomalies during El Nifio summers (DJF) are
more prominent than the positive anomalies during La Nifia summers (DJF). That is, there is
a stronger response in the rainfall to El Nifio events than La Nifa events (Figure 4.5a). The
boxplots also show a large number of outliers during La Nifia DJF, further confirming the
extreme nature of ENSO-related rainfall impacts during peak summer. While these
anomalies are presented as absolute values, it is important to note that their relative
significance can differ substantially depending on the regional climatology. For example, a
100 mm anomaly in a drier area may have a much greater impact than the same anomaly in
a wetter region. Across all seasons there are some grid boxes with positive anomalies during
El Nifio’s and negative anomalies during La Nifa’s. Considering the median of the spread,
MAM and SON El Nifio’s are still predominantly drier than normal, with the signal of
wetting less prominent during La Nifia events (Figure 4.5b and d). The closer clustering of
anomalies around zero in MAM and JJA indicates weaker anomalies during these seasons
(Figure 4.5b and c). Additionally, the smaller differences in quantile values across ENSO
phases suggest a much weaker ENSO teleconnection to rainfall during these periods. The
reduced number of outliers in JJA further highlights ENSO’s limited role during the dry

s€ason.

42



a: DJF b: MAM

400 7

—200 7

—400

400 4

200

Precipitation Anomaly (mm)
)

—200 4

—400

[0]

T 200 == E 1
£ £
> >
© ©
£ £
2 2

< 0 < 1
= c
S 8
=1 =
il 8
= s

g o 8
a a

T T T T T T
El Nifio La Nifia Neutral El Nifio La Nifia Neutral
cJJA d: SON
E 0

£
=
T
Iii;l E
% <]
c

g
c
=]
=1
juj
a
g

g
a

T T T T T T
El Nifio La Nifia Neutral El Nifio La Nifia Neutral

Figure 4.5: Spread in the seasonal rainfall anomalies, according to specific ENSO phases, across the eastern

escarpment study site, for (a) DJF, (b) MAM, (c) JJA and (d) SON. Boxplots show the 25™, 50" and 75™

percentiles; whiskers extend to the most extreme values within 1.5 X IQR from the lower and upper quartiles;

circles represent outliers beyond this range.
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Table 4.4: Ranking of El Nifio events and the associated area-averaged DJF rainfall

anomalies across South Africa and the eastern escarpment study site.

DJF DJF DJF
Niiio rainfall DJF rainfall Nifio DJF

34 anomaly anomaly [Ranked| 3.4 Rainfall | DJF Rainfall

Ranked | index South Eastern La index | Anomaly Anomaly

El Nifo | (El Africa (El | Escarpment | Niia (La South Eastern
Year | Nifio) Nifio) (El Niiio) Year | Nifa) Africa Escarpment
2015/6 2.41 -30.59 -104.97| 1988/9| -1.77 91.89 188.39
1982/3 2.33 -67.64 -141.3| 2007/8 -1.7 -1.72 -41.2
1997/8 2.27 -7.19 48.04| 1999/0| -1.62 102.68 188.39
199172 1.62 -58.71 -90.21 2010/1] -1.53 38.27 86.7
2009/10 1.47 -44.91 66.64| 1998/9] -1.48 -7.89 -29.13
1986/7 1.11 -37.83 -531 1984/5] -1.11 -27.42 -84.0
1994/5 1.06 -16.73 -62.17| 2020/1 -0.99 9.73 35.02
2002/3 1.01 13.38 -26.96| 2008/9| -0.87 28 48.99
2018/9 0.7 -21.99 -43.22| 2011/2| -0.86 -10.11 -53.29
1987/8 0.7 33.68 -2.57| 202172 -0.84 29.74 41.01
2014/5 0.64 -23.02 -53.59| 2005/6] -0.81 41.04 55.6
2006/7 0.6 -33.84 -65.31| 2000/1f -0.81 -20.17 -23.31
2004/5 0.51 11.48 26.62| 2017/8] -0.81 -4.26 -20.42
2022/3(  -0.75 28.66 46.52
1995/6( -0.68 45.49 126.20
1985/6( -0.61 -27.79 -76.52
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The table illustrates how summer (DJF) rainfall anomalies across South Africa and the
eastern escarpment respond to different El Nifio and La Nifia events, ranked by the Nifio 3.4
index. Overall, the results reinforce the well-established relationship between ENSO and
rainfall in South Africa, with El Nifio events generally associated with negative rainfall
anomalies (drier conditions) and La Nifia events with positive anomalies (wetter conditions).
However, the magnitude of these anomalies varies between events, highlighting the
complexity of ENSO impacts. The driest El Nifio across both South Africa and the eastern
escarpment study site occurred in the summer of 1982/83, with the second driest being the
well-known 2015/16 event. These are the two strongest El Nifio events based on the Nifo
3.4 index (Table 4.4). 1991/2 was also an extreme case that resulted in widespread
below-normal rainfall conditions both country-wide and over the eastern escarpment study
site. It is notable that in all three of these cases, the drying effect was larger over the eastern
escarpment study site than the country as a whole. This suggests that stronger El Nifio
events tend to exacerbate drought conditions, particularly in the key water-producing
regions of the eastern escarpment. However, the 1997/8 and 2009/10 events are exceptions,
with drying persisting over the country, but positive anomalies present over the eastern
escarpment study site (Table 4.4). It is also interesting to note positive anomalies for both
South Africa and the eastern escarpment study site during the weak El Nifio event of 2004/5.

This suggests that not all El Nifio events uniformly lead to extreme drought.

Additional insights are derived when comparing the impacts of individual La Nifia events on
rainfall anomalies. There appears to be greater variability in the rainfall response during La
Nina events, with almost half the events recording positive anomalies and the rest having
negative anomalies (Table 4.4). Two of the strongest La Nifa events of 1988/9 and
1999/2000 produced substantial positive rainfall anomalies across South Africa (91.89 mm
and 102.68 mm, respectively), with particularly pronounced increases over the eastern
escarpment study site (188.39 mm and 188.39 mm). Interestingly, the 2022/3 La Nifa event
was one of the driest years across both South Africa and the eastern escarpment, with -87.75
mm and -180.24 mm, respectively, but it was also one of the weakest events in terms of the
Nifio 3.4 index. However, some La Nifia years (e.g., 2022/3, 1983/4 and 2011/2) show
negative rainfall anomalies, suggesting that not all La Nifa events guarantee widespread wet
conditions. The 2022/3 La Nifia stands out as an extreme case, with a strong drying signal
(-87.75 mm across South Africa and -180.24 mm over the eastern escarpment study site).

The magnitude of ENSO’s impact on the eastern escarpment appears larger than in South
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Africa, as shown in the stronger anomalies (both negative and positive). Interannual
variability is evident, as some El Nifio and La Nifia years deviated from the typical rainfall

patterns, likely due to other climate drivers.

4.4 Representation of the ENSO signal in CRU

Composite plots of the various ENSO events that occurred between 1981 and 2023 were
created and are shown in Figures 4.6-4.9 below. The composite plots provide an illustration
of the impact of ENSO phases on seasonal rainfall. During DJF, the well-known ENSO
signal of dry conditions persisting over southern Africa (South Africa, Lesotho and
Eswatini) during El Nifio events and wet conditions persisting during La Nifia events is
clearly evident in the CRU observations (Figure 4.6). The negative anomalies are
particularly strong in the eastern half of the country and weaker closer to the western coastal
region and along the southwestern coastal region (Figure 4.6a). Strong drying is present
across all the eastern escarpment study sites during the El Nifio events. During La Nifa
events, the reversed signal of wetting is clearly shown by the positive anomalies. Similar to
El Nifio, the anomalies are stronger in the eastern part of the country and weaker in the
western parts (Figure 4.6b). For the eastern escarpment study site, above-normal rainfall
persists during the La Nifia phase. Anomalies during the Neutral phase are generally weaker
in amplitude and show more spatial variability (Figure 4.6¢). Over the western and southern
parts of the country, there are weak positive anomalies, while the central to northeastern
parts have weak negative anomalies. Specifically in the eastern escarpment study site, weak

positive anomalies are present during Neutral events (Figure 4.6c¢).
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(a) El Nifio (DJF) (b) La Nifa (DJF) (c) Neutral (DJF)

o
Rainfall Anomaly (mm)

Figure 4.6: Rainfall anomaly maps (mm) for DJF, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (c) Neural phases. Anomalies are calculated from
the 1981-2023 average.

The rainfall anomaly plot for MAM shows a similar but substantially weaker ENSO signal
compared to DJF. That is, overall, below-normal conditions occur during El Nifio and
above-normal conditions during La Nifia, but the amplitude of the anomalies are much
weaker (Figure 4.7). These results show that ENSO maintains its effect into the MAM
season, but there is a clear weakening of the signal. Over the eastern escarpment study site,
generally below-normal (above-normal) conditions occur during El Nifio (La Nida),
although anomalies are weak (Figure 4.7a,b). It is notable that the amplitude of anomalies
during the Neutral phase is similar to El Nifio/La Nifa phases. Over the eastern escarpment
study site, Neutral phases are associated with weak positive anomalies in the northern parts

and weak negative anomalies in the southern parts (Figure 4.7c¢).

(a) El Nino (MAM) (b) La Niha (MAM) (c) Neutral (MAM)

Rainfall Anomaly (mm)

Figure 4.7: Rainfall anomaly maps (mm) for MAM, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (c¢) Neural phases. Anomalies are calculated from the
1981-2023 average.
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It is interesting to note that CRU shows a ‘reversal’ of the ENSO signal across southern
Africa during JJA (Figure 4.8). That is, JJA seasons during El Nifio years are associated
with above-normal rainfall and during La Nifa years are associated with below-normal
rainfall. However, the low amplitude of these anomalies suggests a very weak signal (Figure
4.8a,b). Since JJA is not a primary rainfall season for much of South Africa (except the
winter-rainfall zone in the southwestern Cape), the drying effect during El Nifio years is not
as pronounced as in DJF or SON. This weak signal is also present over the eastern
escarpment study site, reinforcing the idea that ENSO does not necessarily reduce or
enhance winter rainfall in this region. During Neutral years, there is spatial variability in the
JJA rainfall anomalies, although most of southern Africa shows weak positive anomalies
with some negative anomalies over KwaZulu Natal. Over the eastern escarpment study site,
JJA seasons during Neutral years show predominantly weak positive anomalies (Figure

4.8¢).

During El Nifio years, most of southern Africa is drier than normal during SON seasons,
with more pronounced drying shown over northeastern South Africa (Figure 4.9a). Over the
eastern escarpment study site, there is a mixed signal for SON seasons during El Nifio years.
That is, the northern parts of the study site show drying and the southern parts show wetting
(Figure 4.9a). As with DJF, wet conditions during La Nifia years are present in the SON
season, although the amplitude is weaker. Over the eastern escarpment study site, SON
seasons during La Nifia years show above-normal rainfall throughout the domain (Figure
4.9b). During Neutral years, Neutral SONs are associated with wetter conditions in the
southwestern and northeastern parts, and drier conditions over northern, central and eastern
parts of the country (Figure 4.9¢). Over the eastern escarpment, most of the area receives
below-normal rainfall during Neutral years, with a small region in the north getting

above-normal rainfall (Figure 4.9¢).
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(a) El Nino (JJA) (b) La Nina (JJA) (c) Neutral (JJA)

0
Rainfall Anomaly (mm)

Figure 4.8: Rainfall anomaly maps (mm) for JJA, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (¢) Neural phases. Anomalies are calculated from the
1981-2023 average.

(a) El Nino (SON) (b) La Nina (SON) (c) Neutral (SON)

0
Rainfall Anomaly (mm)

Figure 4.9: Rainfall anomaly maps (mm) for SON, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (¢) Neural phases. Anomalies are calculated from the
1981-2023 average.
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Chapter 5: ERAS Data Validation

Chapter 5 focuses on the analysis of rainfall distribution across South Africa, with a focus
on the eastern escarpment study site, using ERAS reanalysis data. This chapter aims to
investigate how well the reanalysis data set compares to the CRU observations in terms of
different rainfall characteristics, including the representation of the ENSO-rainfall

teleconnection to the region.

5.1 ERAS Rainfall Distribution and Variability

The ERAS5 dataset, known for its assimilation of multiple meteorological inputs and
high-resolution reanalysis, presents a detailed picture of the spatial distribution of rainfall
across the country and study site. The ERAS data set correctly captures the well-known
west-east rainfall gradient across the country (Figure 5.1). That is, rainfall totals are lowest
in the western extent of South Africa, gradually increasing towards the eastern extent of
South Africa, as is evident in the CRU observations (Figure 5.1b). Within the eastern
escarpment study site, mean annual rainfall is lowest in the northern parts (600-650 mm)
and highest along the Lesotho border in the southeastern parts (over 1200 mm) (Figure 5.2a,
red box). The CRU observations display a similar north-south gradient within the study site.
While the spatial distribution of rainfall of the country is similar to observations, it is clear

the magnitude of annual mean rainfall in ERAS is much higher (Figure 5.1).

CRUE Dataset ERA5 Dataset

—————

rrrrr

Latitude
.
Latitude

Precipitation (mm)

24 26 28 30 32 2 26
Longitude Longitude

Figure 5.1: Spatial distribution in seasonal mean annual rainfall in the (a) ERAS and (b) CRU data sets, for the
period 1981-2023. The red box highlights the eastern escarpment study site.
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The seasonal rainfall totals as estimated from the ERAS are presented in Figure 5.2. There is
a very strong seasonality over the area which is mainly due to the north-south movement of
the Intertropical Convergence Zone (ITCZ) during the year (Jones and Carvalho, 2002).
This is also well captured by the ERAS reanalysis data and the rainfall is highest during the
austral summer and spring months and lowest during the autumn and winter (Figure 5.2).
On average across South Africa, precipitation is highest during the DJF season (170.98
mm), followed by the SON season (89.51 mm), the MAM season (85.53 mm) and the JJA

season (28.81 mm) as presented in Table 5.1.

The ERAS data shows that the rainfall signal is greatest during the DJF in the eastern
escarpment study area with an average of 420.24 mm, a minimum of 59.94 mm and a
maximum of 1373.59 mm (Table 5.2). The variability is also large with a standard deviation
of 164.43 mm. The IQR is 308.74 to 498.63 mm (25th to 75th percentiles) which shows that
there is very high rainfall and significant spatial variability of the rainfall in the region
during this period. These values support and agree with the observed values from CRU that

the DJF is the wettest season in the escarpment and the country as a whole.

Rainfall during the MAM period is among the lowest across both South Africa and the
eastern escarpment. The national average decreases to 85.53 mm with a maximum of 816.80
mm and a standard deviation of 78.93 mm (Table 5.1). This seasonal decline is captured
more distinctly by the ERAS reanalysis data particularly in the eastern escarpment where
rainfall is reduced to 182.24 mm on average (Table 5.2). Variability also decreases with a
standard deviation of 82.80 mm. This shows a more defined and predictable rainfall pattern
during the post-summer transition season, in line with the overall climatological tendencies

of the country.

JJA remains the driest season in South Africa, and according to the ERAS data set, the
average rainfall across the country is 28.81 mm, the highest monthly total is 514.27 mm,
and the standard deviation is 43.37 mm (Table 5.1). The rainfall in the eastern escarpment is
just 49.51 mm on average, with a maximum of 254.08 mm and has the lowest variability
among the seasons (standard deviation 39.69 mm, Table 5.2). The interquartile range of
18.20-71.26 mm suggests low seasonal activity, as expected for this dry period, and is
consistent with the CRU observations. During SON, rainfall increases again in both
country-wide averages and the study site. According to ERAS, the rainfall across South

Africa is 89.51 mm with standard deviation of 100.92 mm and the highest rainfall of 879.20
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mm (Table 5.1). The eastern escarpment also experiences a significant increase with an
average of 249.91 mm and a high standard deviation of 113.19 mm (Table 5.2). This aligns
with observations that SON is the second wettest season.. In general, ERAS reproduces the
spatial and seasonal precipitation patterns over South Africa and the eastern escarpment in

conformity with the CRU-based climatologies.

MAM

- 270

Latitude

- 240

- 180
18 20 22 24 26 28 30 32 18 20 22 24 26 28 30 32
Longitude Longitude
A SON - 150
—-22 —22
-120
-24 —24
- 90
—26 -26
L) Q 50
o _ T _ B
3 28 5 28
= =
q g
=30 =30 - 30
-32 -32 -0
—-34 —-34
18 20 22 24 26 28 30 32 18 20 22 24 26 28 30 32
Longitude Longitude

Figure 5.2: Mean seasonal ERAS rainfall totals (mm) across South Africa for 1981-2023, with the rectangular
(red) box highlighting the study site.
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Table 5.1: Rainfall statistics per season across South Africa for the period 1981-2023

Standard 25th 75th
Season | Mean | Minimum | Maximum |Deviation |Percentile | Median | Percentile
DJF 170.98 0 1373.59 167.27 24.13 132.7 268.21
MAM 85.53 0 816.8 78.93 21.24 69.94 128.75
A 28.81 0 514.27 43.37 0.48 11.26 40.74
SON 89.51 0 879.2 100.92 8.85 58.15 131.86

Table 5.2: Rainfall statistics per season across eastern escarpment study site, for the period

1981-2023

Standard 25th 75th
Season | Mean | Minimum | Maximum | Deviation |Percentile| Median | Percentile
DIJF 420.24 59.94 1373.59 164.43 308.74 389.96 498.63
MAM 182.24 12.58 624.34 82.8 121.85 170.64 232.76
JJA 49.51 0 254.08 39.69 18.2 40.45 71.26
SON 24991 20.24 879.2 113.19 167.78 235.88 316.88

Figure 5.3 shows the mean annual rainfall distribution for CRU and ERAS for the eastern
escarpment study site. The distributions are remarkably similar, both showing a right skew
distribution.. With a mean of 706.75 mm and a standard deviation of £156.37 mm, the CRU
dataset indicates that rainfall varies significantly. ERAS is more variable in the annual total
precipitation with a slightly higher mean value of 909.13 mm and even higher standard
deviation of £297.1 mm. This indicates a larger spread in the mean annual values recorded
for ERAS. The tail of the ERAS data set is wider compared to that of the CRU data set,
suggesting that larger precipitation values are more frequent in ERAS. The lower density in
the ERAS plot suggests precipitation values are less frequently concentrated around the
mean, reinforcing the higher variability noted in this data set. The shape of the ERAS
distribution plot shows a more significant right skew, which points to a higher occurrence of

years with substantial rainfall, possibly capturing heavy rainfall events that might not be as
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evident in the CRU data set. This could be due to ERAS5's higher resolution and data

assimilation techniques, which allow for more detailed and varied climatic data inputs.
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Figure 5.3: Mean annual rainfall distribution across the eastern escarpment study site for (a) CRU and (b)

ERAS, with mean (thicker dotted line) and standard deviations (thinner dotted lines).

650  Spearmanr = 0.90, p = 0.000

600

v
o
=}

Precipitation (mm)
-
3

S
=]
S

350

300

1981 1986 1991 1996 2001 2006 2011 2016 2021
Year

Figure 5.4: Interannual rainfall variability in the CRU (red line) and ERAS (blue line) data sets, across the
eastern escarpment study site, for the period 1981 to 2023.

Figure 5.4 displays interannual variability in both the CRU and ERAS data for the eastern
escarpment study region for the 1981-2023 period. There is a remarkable agreement in the

trend between the two data sets, supported by the high spearman rank correlation (r = 0.9),
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with cohesion in years that are wetter/drier. Nonetheless, ERAS still depicts greater rainfall
totals compared to CRU, as indicated by its higher mean precipitation (blue dotted line)
compared to CRU (red dotted line). As previously illustrated, this result aligns with the
expectation that ERAS, being of finer spatial resolution and having satellite assimilation, is
able to realistically replicate the effect of localized precipitation features attenuated by
CRU's station-based interpolation. Overall, ERAS presents more intense precipitation peaks
for extreme wet events, especially in 1999 and 2000. Nevertheless, it also reflects cases of
rainfall underestimation with respect to CRU, for example in 2015 and 2018. Having said

this, overall the peaks and troughs in the two datasets are well-aligned.
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Figure 5.5: Interannual seasonal rainfall variability for CRU (solid coloured lines) and ERAS (black dotted
lines) across the eastern escarpment study site. Each subplot represents a different season (DJF, MAM, JJA,
SON), and Spearman correlation coefficients indicate the similarity in rainfall variability between the two

datasets for each season.

Seasonally, there is again remarkable agreement in the wetter and drier seasons across the
two data sets and there is a strong correlation in all four seasons, with Spearman Rank
correlation between 0.81 and 0.87 (Figure 5.5). This indicates that both data sets exhibit

similar interannual rainfall variation, with some differences in the magnitude. The strongest
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correlations are noted in the wet seasons of DJF (0.86) and SON (0.86). The persistent
seasonality of these correlations supports the credibility of ERAS in capturing observed
rainfall behaviour from CRU. However, there is a consistent over-estimation in ERAS,
across all four seasons, but it is most pronounced during DJF and then SON (Figure 5.5).
MAM records the weakest correlation (0.81), suggesting the ERAS reanalysis is slightly less
skillful during this drier season. It is interesting that the correlation is marginally higher in

JJA, despite this being the driest season in the region.

5.2 ERAS Spatial Rainfall Biases
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Figure 5.6: Mean annual rainfall bias (mm) in the ERAS data relative to CRU.

Figure 5.6 is a spatial plot of the mean annual rainfall bias in ERAS relative to CRU.
Generally, ERAS overestimates total annual rainfall across South Africa, with substantial
biases in the eastern and southeastern parts of the country. In contrast, there are small areas

in South Africa where ERAS is underestimating the level of rainfall compared to CRU,
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especially in the mountainous regions of the Western and Eastern Capes, as well as the
northeastern coastal part of KwaZulu Natal and parts of Limpopo (Figure 5.6). Over the
eastern escarpment study site, there is a large wet bias, particularly in the southern half of
the region (Figure 5.6). The area-averaged bias across the country is +60.76 mm/year
compared to 217.05 mm/year for the eastern escarpment study site, showing the substantial
wet bias in that part of the country. These discrepancies may result from differences in data
resolution and methodologies between the two datasets, but topography is also a likely
factor, particularly over the Eastern Escarpment, where steep terrain enhances orographic
precipitation (Taylor et al., 2016). ERAS may overestimate rainfall in these areas due to its
physical modeling of uplift and cloud processes, while CRU tends to underestimate rainfall
due to sparse station coverage at higher elevations (Gleixner et al., 2020). This contrast is
especially evident in the southern part of the study site, where ERAS likely captures
topography-driven rainfall more strongly, contributing to the observed wet bias (Taylor et

al., 2016; Gleixner et al., 2020).
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Figure 5.7: Seasonal bias in the ERAS data relative to CRU for (a) DJF, (b) MAM, (c) JJA and (d) SON

s€asons.
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The wet biases in the total annual rainfall are likely driven by the overestimation that is
evident across all four seasons (Figure 5.7). Overall, the wet biases are larger in the summer
and spring months and dry biases are larger in the winter and autumn months. During DJF,
the largest wet biases are evident in eastern parts of South Africa, with substantial
overestimations in the southern parts of the eastern escarpment study site (Figure 5.7a).
During autumn (MAM), ERAS continues to predominantly overestimate rainfall, especially
over the eastern escarpment study site, but the biases are reduced in magnitude (Figure
5.7b). During the JJA season, which covers the winter months that are typically dry, the
smallest mean bias is observed over the country and the study site (Figure 5.7c). It is
interesting to note the larger dry biases over the Cape Fold Mountains in the Western Cape
during JJA, which is a winter rainfall region and therefore ERAS is underestimating totals in
the peak rainfall season. During spring (SON), there is again a general overestimation in
rainfall across the country, particularly over southern parts of the eastern escarpment study
site, although not to the same magnitude as during DJF (Figure 5.7d). Understanding such
biases in the annual and seasonal rainfall totals has significant implications for
climatological investigation and application, particularly in the eastern escarpment study

site, where topographic influence can potentially amplify differences (Taylor et al., 2016).

5.3 Statistical Insights into ERAS and CRU data
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Figure 5.8: The four quadrants investigated within the eastern escarpment study site.
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The analysis of the spatial distribution of precipitation in the eastern escarpment study site,
illustrated in Table 5.3, shows clearly defined subregional and seasonal patterns for the four
quadrants displayed in Figure 5.8. These quadrants were delineated to divide the study area
into equal-sized subregions to enable comparative analysis across different parts of the
escarpment. It is interesting to note that in both data sets, across all four quadrants, DJF has
the highest rainfall totals, followed by SON, then MAM and JJA is the driest (Table 5.3), as
is expected given the seasonal distribution of rainfall in the region. Notably, the
northwestern region (quadrant 2) has lower precipitation totals compared to the rest of the
regions, particularly in the JJA season, where it has the lowest seasonal means of 8.97 mm
in the CRU data set and 15.01 mm in the ERAS data set. In contrast, the southeastern region
receives large amounts of rainfall, and the highest DJF mean precipitation values (359.94
mm in CRU and 486.96 mm in ERAS). This is consistent with the observed north-south
gradient in the mean annual rainfall totals, and is likely driven by the influence of the Indian
Ocean moist air, which is forced to interact with the orographic characteristics of the eastern
escarpment, resulting in increased orographic and convective rainfall in the southern parts of

the region (Taylor et al., 2016).

The orographic characteristics of the escarpment region influences spatial variability of
rainfall and the performance of gridded datasets. The accuracy of CRU, which depends on
interpolation from ground-based measurements, is influenced by the distribution and density
of weather stations. According to Harris et al. (2020), station coverage varies geographically
and is lower in higher elevation and rural areas. In mountainous regions, this can result in
less interpolation, which might lead to an underestimation of rainfall. On the other hand,
ERAS wuses data assimilation to merge several data sources, which can enhance

representation in areas with limited ground data (Gleixner et al., 2020).

In MAM rainfall decreases across all quadrants, marking the transition from peak summer
rainfall to drier conditions. ERAS5 consistently overestimates peak values with respect to
CRU, especially in the southern parts of the region (quadrants 3 and 4), where convective
rainfall is more common. For example, in the southwestern part (quadrant 3), CRU records a
mean of 158.52 mm, whereas ERAS records 194.47 mm, with a peak value of 476.13 mm,
much greater than CRU's peak value of 390.1 mm. JJA is the driest season, especially in
northwestern areas, with the northwestern region (quadrant 2) recording the lowest seasonal
mean (8.97 mm in CRU, 15.01 mm in ERAS). Interestingly, the southern region (quadrants

3 and 4) receives slightly more precipitation, likely influenced by orographic rainfall and
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frontal systems. During SON rainfall increases again, particularly in the southeastern region
(quadrant 4), where ERAS5 (294.1 mm) exceeds CRU (215.1 mm). This quadrant also
records the highest maximum rainfall in both data sets, reflecting the early intensification of
convective storms before DJF. In contrast, the northwestern region (quadrant 2) experiences
a more gradual increase in rainfall, with ERAS closely matching the observations (CRU =
123.53 mm, ERAS = 129.34 mm). The seasonal variations and contrast in rainfall intensity
from northwestern to southeastern regions highlights the influence of topography,
atmospheric circulation, and proximity to moisture sources shaping rainfall patterns. The
ability of ERAS to correctly capture these spatial variations within a relatively small region,
when compared to observations, underscores its usefulness for studying localized climate
dynamics. However it is important to acknowledge that CRU, which serves as the
observational reference for this study, is itself influenced by the availability of weather
stations. Therefore, in areas with sparse station coverage, particularly in complex terrains,

interpolation challenges may affect the accuracy of CRU.
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Table 5.3: Statistical summary for seasonal rainfall for all quadrants in the eastern

escarpment
CRU CRU CRU ERAS | ERAS ERAS
Region Season | Mean |Minimum | Maximum | Mean |Minimum | Maximum
Northeastern
Escarpment
(1) DJF 271.98 44.2 652.8| 269.56 46.23 689.61
MAM 96.97 3.8 280.4( 99.27 4.37 351.33
JJA 12.16 0 68.1| 16.86 0 85.33
SON 147.44 22.7 366.6| 144.11 17.25 459.12
Northwestern
Escarpment
(2) DJF 274.89 46.9 568| 273.07 47.85 975.13
MAM 97.22 6.7 332.8| 102.33 5.87 360.55
JJA 8.97 0 68.4| 15.01 0 81.5
SON 123.53 234 351.4| 129.34 16.95 447.68
Southwestern
Escarpment
3) DJF 304.17 61.9 626.6 409.34 105.03 971.06
MAM | 158.52 39.1 390.1 194.47 42.34 476.13
JJA 37.46 0.1 154.8( 57.61 0.06 212.76
SON 174.66 18.6 408.3| 246.14 20.24 692.42
Southeastern
Escarpment
(4) DJF 359.94 116 759 486.96 119.35 1373.59
MAM | 151.09 35.5 448.8| 193.71 43.71 624.34
JJA 38.25 1.3 137.9( 60.39 0.6 254.08
SON 215.1 61.8 526.31 294.1 68.98 879.2
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5.4 Evaluating the ENSO-Rainfall Relationship in ERAS
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Figure 5.9: Spread in the seasonal rainfall anomalies according to specific ENSO phases, across the eastern
escarpment study site, for (a) DJF, (b) MAM, (c) JJA and (d) SON. Boxplots show the 25®, 50™ and 75"
percentiles; whiskers extend to the most extreme values within 1.5 X IQR from the lower and upper quartiles;

circles represent outliers beyond this range.

The distribution of the ERAS rainfall anomalies at the grid level within the eastern
escarpment study area is very similar to observations (see Chapter 4). The dry conditions
that are prominent over the region during El Nifio events and wet conditions during La Nifia
events are easily identifiable in the boxplots for the DJF and SON periods (Figure 5.9a and
d). In all the seasons, ERAS has a higher range of anomalies and is able to simulate more
frequent extreme wet and dry conditions, especially in DJF and SON, the periods of highest
ENSO influence. There are some grid boxes with positive anomalies in El Nifio and

negative anomalies in La Nifa in all the seasons, but the median clearly shows that the
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majority of grid boxes capture the classic ENSO-rainfall relationship of dry (wet)
conditions in El Nifio (La Nifia). While the results compare well to CRU, the magnitude of
the anomalies in ERAS are larger. The anomalies are also less dispersed in MAM and JJA,
which shows that the anomalies are generally smaller in these months (Figure 5.9b and c).
There is also a smaller difference in the quantile values across different ENSO phases,

suggesting the ENSO teleconnection to rainfall during these seasons is much weaker.

The shape of the boxplots also helps to support this distinction by season. DJF and SON
have fairly wide interquartile ranges, and there are many outliers both in La Nifa and El
Nifio conditions, which means that the response is highly variable across the eastern
escarpment study site. Some anomalies in DJF are higher than +600 mm in La Nifia and
lower than —400 mm in El Nifio. These patterns suggest that the ERAS reanalysis dataset is
capable of capturing the presence of extreme rainfall events. There is also a high variability
in SON especially in the upper quartiles during La Nifia and this is accompanied by many

grid points having anomalies greater than +400 mm.

However, the anomaly distributions in MAM and JJA are more compact and the range
between the 25th and 75th percentiles is narrower for all the ENSO phases. This further
suggests that large-scale ENSO forcing has little impact during these seasons. In JJA, during
the dry winter, rainfall anomalies are also very much constrained and most of the values are
within £100 mm irrespective of the ENSO phase. The low standard deviations and the lack
of extreme outliers in both MAM and JJA further support this limited ENSO impact.
However, it is important to acknowledge that this does not rule out the role of localised
processes such as cut-off lows and pressure systems, which may contribute to rainfall
extremes or suppress variability in ways that are not fully captured by the statistical

approach used.

Table 5.4 shows the variable response in DJF rainfall to different ENSO events, which have
been ranked according to the Nifio 3.4 index. Overall, the ERAS results align well with
CRU and capture the well-known ENSO-rainfall teleconnection of dry conditions during El
Nifio events and wet conditions during La Nifia events. It is notable that the 1982/3 El Nifio
was the driest event in the observations in terms of anomalies across both South Africa and
the eastern escarpment study site and ERAS is the same. It is interesting that the 1994/5 and
2006/7 events are significantly dry in the ERAS data set, much drier than CRU, while ERAS
underestimates the magnitude of drying during the well-known 2015/6 event (Table 5.4).
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However, the 1986/7 and 2002/3 events are exceptions, with drying persisting over the

country, but positive anomalies present over the eastern escarpment study site (Table 5.4).

Interestingly, above-normal rainfall for both South Africa and the eastern escarpment study

site is recorded during the weak El Nino events of 1987/8 and 2004/5, similar to the

observations.

Table 5.4: Ranking of El Nifio and La Nifa events across South Africa and the eastern

escarpment study site, for the DJF season

DJF

DJF DJF rainfall DJF

Nifio | rainfall | anomaly DJF rainfall |DJF rainfall

3.4 |anomaly | Eastern Nifo 3.4 anomaly anomaly
Ranked| index | South [Escarpme| Ranked | index South Eastern
El Niiio| (El1 [Africa (El{ nt (El La Nifa (La | Africa (La | Escarpment
Events | Niifio) Niiio) Niiio) Events | Niiia) Niiia) (La Niia)
2015/6 | 2.41 -52.73 -77.34 1988/9 -1.77 67.31 135.95
1982/3 | 2.33 -81.24 -161.97 2007/8 -1.7 -2.66 -75.66
1997/8 | 2.27 -25.83 -20.46 1999/0 -1.62 148.52 221.14
199172 | 1.62 -64.76 -76.71 2010/1 -1.53 77.26 93.5
2009/0 | 1.47 15.59 -1.75 1998/9 -1.48 0.86 -15.98
1986/7 | 1.11 -33.4 33.81 1983/4 -1.11 -3.65 10.46
1994/5 | 1.06 -60.77 -102.15 2017/8 -0.81 115.64 158.65
2002/3 | 1.01 -22.37 9.72 2005/6 -0.81 -21.93 -21.29
2018/9 | 0.7 -39.14 -55.03 2000/1 -0.81 78.67 98.3
1987/8 | 0.7 43.21 20.81 2008/9 -0.87 28.82 45.86
2014/5 | 0.64 -42.35 -53.08 201172 -0.86 -0.62 -24.34
2006/7 | 0.6 -61.67 -123.73 2021/2 -0.84 27.5 78.51
2004/5 | 0.51 6.12 85.01 2022/3 -0.75 -105.87 -238.51
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As expected, the La Nifia events are generally associated with above-average rainfall,
particularly in the eastern escarpment, although there is greater variability in the rainfall
response, as was noted in the observations (see Chapter 4). Observations from the CRU data
set indicate that the 1988/89 and 1999/2000 La Nifia events produced the most significant
positive rainfall anomalies across South Africa, with substantial positive anomalies over the
eastern escarpment study site. ERAS also captures this result, with stronger anomalies over
the eastern escarpment study site (1988/9 = 135.95 mm, 1999/2000 = 221.14 mm) than
South Africa (1988/9 = 67.31mm, 1999/2000 = 148.52mm). However, there are some La
Nifia events associated with negative rainfall anomalies (e.g. 2007/8, 2005/6 and 2022/3), as
was also evident in the observations. The 2022/3 La Nifa stands out as an extreme case,
with a strong drying signal (-105.87 mm across South Africa and -238.51 mm over the
eastern escarpment study site). Overall, as with the observations, the magnitude of ENSO’s
impact on the eastern escarpment is larger than the country-wide average. The interannual
variability (in terms of variable rainfall responses to different ENSO events) noted in the

observations is evident in ERAS.

5.5 Representation of the ENSO signal in ERAS

This section presents ERAS seasonal composite rainfall anomaly plots of the various ENSO
events that occurred between 1981 and 2023 (Figures 5.10-5.13). This investigation
provides insights into how well the ERAS reanalysis data captures the ENSO-rainfall signal
over the region. During DJF, below-normal rainfall conditions occur over the country during
El Nifio events, with severe drying over most of the eastern escarpment study site (Figure
5.10). This closely resembles the CRU-based DJF composite (Chapter 4, Figure 4.7), which
also depicts below-normal rainfall during EI Nifio over southern Africa, but the magnitude
of the anomalies is larger in ERAS (Figure 5.10). As with the observations, stronger drying
occurs over eastern parts of the country, compared to the western parts, during El Nifio
events. Over the eastern escarpment study site, dry conditions occur over most of the region
during El Nifo events, with a small subregion in the east recording very weak anomalies
(Figure 5.11a). There is a clear wet signal during La Nifia events (Figure 5.11b). These
anomalies closely resemble observations, but with larger magnitudes in parts of the country.
The above-normal rainfall conditions during La Nifia events are well captured in ERAS over

the eastern escarpment study site. Neutral phases show similar spatial patterns to
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observations, with negative anomalies over the western and eastern parts and positive

anomalies over the central parts of the country.

(a) El Nino (DJF) (b) La Nina (DJF) (c) Neutral (DJF)

0
Rainfall Anomaly (mm)

Figure 5.10: Rainfall anomaly maps (mm) for DJF, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (¢) Neural phases. Anomalies are calculated from the
1981-2023 average.

The composite anomaly plots for MAM (Figure 5.11) illustrate that ENSO effects persist
into autumn, though with some reduction in magnitude compared to summer. Overall, both
ERAS and CRU show that El Nifio years continue to be drier and La Nifia years wetter than
average in MAM. However, the influence of ENSO during MAM appears somewhat
moderate compared to the peak summer season. As with DJF, the amplitude of anomalies is
slightly larger in ERAS when compared to CRU. In ERAS, during MAM, much of the
eastern and central escarpment exhibits significant negative anomalies, extending the El
Nifio induced dryness over a broad area. ERAS does well at capturing the observed El
Nifio-induced drying signal over the eastern escarpment study site during MAM (Figure
5.11a), consistent with previous findings on its improved performance in simulating
seasonal precipitation over southern Africa (Gleixner et al., 2020). Furthermore, the positive
anomalies that occur during La Nifia events over the country as a whole and the eastern
escarpment study site (Figure 5.11b), are also consistent with observations. Neutral phases
show a different spatial pattern in anomalies during MAM compared to DJF, consistent with
observations. Specifically, over the eastern escarpment study site most of the region
experiences wetter conditions, while southern parts experience drier conditions (Figure

5.11c).
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(a) El Nifio (MAM) (b) La Nina (MAM) (c) Neutral (MAM)

0
Rainfall Anomaly (mm)

Figure 5.11: Rainfall anomaly maps (mm) for MAM, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (c) Neural phases. Anomalies are calculated from the
1981-2023 average.

It is interesting that JJA seasons during El Nifio years are associated with positive rainfall
anomalies over most of South Africa, with the exception being negative anomalies over the
Limpopo Province (Figure 5.12a). Furthermore, JJA seasons during La Nifia years are
associated with negative anomalies over most of the country (Figure 5.12b). This means
ERAS displays above-average (below-average) winter rain in most of the country during El
Nifio (La Nifa) years, contrary to the expected El Nino (La Nifia) effect of drying (wetting).
The ‘reversal’ of the rainfall anomalies associated with each phase of ENSO when
compared to other seasons, is also notable in the CRU observations (see Chapter 4). The
eastern escarpment study site shows the same response to ENSO during JJA, with wetter
conditions present during El Nifio and drier conditions during La Nifia’s (Figure 5.12). This
aligns with observations and suggests that winter rainfall in this region is not necessarily
enhanced or reduced by ENSO. During neutral years, most of the country experiences
slightly wetter conditions during JJA, with some drying over parts of KwaZulu Natal and
the Eastern Cape (Figure 5.12c). This spatial pattern in the anomalies is the same as

observations.
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(a) El Nifio (JJA) (b) La Nifa (JJA) (c) Neutral (JJA)

o
Rainfall Anomaly (mm)

Figure 5.12: Rainfall anomaly maps (mm) for JJA, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Nifio, (b) La Nifia and (¢) Neural phases. Anomalies are calculated from the
1981-2023 average.

The SON season marks the onset of the summer rains in the eastern parts of South Africa,
and there are usually dry conditions during El Nifio and wet conditions during La Nifia (See
Chapter 4). Broadly, ERAS captures the same ENSO-driven rainfall anomalies (Figure
5.13). During El Nifio events in SON, most of the country is drier than normal, with
pronounced drying over the northeastern parts of the country (Figure 5.13a). Over the
eastern escarpment study site, there is a mixed rainfall response. Specifically, drier
conditions are present for the central to northern parts, while the southern parts show wetter
conditions. A similar pattern was observed in CRU, but with the wetter conditions in the
south spreading further north (see Chapter 4). It is interesting to note that where the ENSO
signal in the SON rainfall is strong in the observations, ERAS5 also shows anomalies of
stronger magnitude. La Nifia springs exhibit a clear wet signal in both ERAS and CRU data
sets. ERAS depicts a widespread increase in precipitation during SON seasons of La Nifia
years, with strong positive anomalies covering most of South Africa (Figure 5.13b). Over
the eastern escarpment study site, wetter-than-normal conditions occur for SON rainfall
during La Nifia years. During neutral ENSO springs, there is much spatial variability in the
rainfall anomaly patterns across the country. Similar to observations, SON is associated with
wetter conditions in the southwestern and northeastern parts, and drier conditions over

northern, central and eastern parts of the country (Figure 5.13c¢).
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(a) El Nino (SON) (b) La Nina (SON) (c) Neutral (SON)

o
Rainfall Anomaly (mm)

Figure 5.13: Rainfall anomaly maps (mm) for SON, associated with the ENSO cycle based on ENSO events
between 1981 and 2023, for (a) El Niflo, (b) La Nifia and (c) Neural phases. Anomalies are calculated from the
1981-2023 average.

Across all seasons (DJF, MAM, JJA, SON), the ERAS reanalysis data show a high degree of
consistency with the CRU observational data set in capturing the influence of ENSO on
South African rainfall. This comparative analysis demonstrates that ERAS rainfall fields are
good approximations of observations. Furthermore, the ERAS5 and CRU comparison
provides insight into how data characteristics influence the depiction of rainfall anomalies.
ERAS uses more detailed data and a higher-resolution model, which helps it show sharper
differences in rainfall. This makes extreme wet and dry areas stand out more clearly
compared to what is shown in the CRU dataset.These differences observed consistently
suggest that ERAS can capture fine-scale events that the CRU data may under represent.
This complementary use of reanalysis and observational data provides a more
comprehensive understanding of how El Nifio, La Nifia, and neutral conditions modulate

seasonal rainfall over South Africa, and particularly the eastern escarpment study site.
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Chapter 6: Discussion

6.1 Introduction

The overall objective of this study is to examine the characteristics of rainfall in South
Africa with a specific focus on the eastern escarpment and to determine the influence of
ENSO events on rainfall in the region. Since rainfall variability plays a crucial role in
shaping hydrological resources and water security, this study is important for understanding
how ENSO influences rainfall patterns affecting the eastern escarpment, a key water source
for southern Africa. This chapter will discuss the results of this study in relation to
previously completed studies. The chapter is structured as follows, the first section reflects
on the rainfall distribution patterns in CRU and ERAS. The second section discusses the
relationship between ENSO phases and rainfall anomalies. The third section explores
regional disparities in ENSO’s impact. The final section examines the implications of these
findings for climate research, water resource management, and ENSO forecasting

applications.

6.2 Comparison between CRU and ERAS Rainfall Distributions

The rainfall distribution in South Africa is quite complex and shows a clear west-east
gradient, with notably higher totals in the eastern parts of the country (Crétat et al., 2010),
including the eastern escarpment. In Chapters 4 and 5, CRU and ERAS datasets were used
to investigate rainfall distribution, seasonality and the role of ENSO in rainfall variability.
Both datasets capture the well-known west-east rainfall gradient across South Africa, with
higher annual totals in the eastern escarpment region. However, ERAS overestimates rainfall
in the higher precipitation zones, in the eastern parts of the country, while it underestimates
rainfall in parts of the lower rainfall zones in the west of the Northern Cape, and along the
Cape Fold Mountains. The wet biases have been previously noted by Taylor et al. (2016)
who established that the ERAS dataset overestimates precipitation amounts in mountainous
regions because of orographic influences. Furthermore, within the eastern escarpment study
site, mean annual rainfall has a north-south rainfall gradient, and ERAS5 notably
overestimates rainfall totals in the higher rainfall zone, in the southern part of the study site.
This wet bias in ERAS is likely driven by challenges in the parametrisation of cumulus

clouds and convection over steep topography (Steinkopf and Engelbrecht, 2022).
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The seasonal rainfall maps show clearly varying rainfall amounts in different parts of South
Africa. The rainfall is highest in the eastern region (the eastern escarpment) in the DJF
season and decreases in the SON, JJA and MAM seasons, which is typical of a summer
rainfall zone. On the other hand, the Western Cape and some parts of the southeastern Cape
receive most of their rainfall during JJA, and some areas along the southern coast, including
parts of the southeastern Cape, show rainfall peaks during JJA and MAM. That is, these
areas lie in the winter rainfall zone of South Africa. However, the southeastern Cape more
broadly exhibits a transitional or a-seasonal rainfall regime, with equinoctial peaks in some
locations, as reported by Roffe et al. (2021). These patterns align with the broader rainfall
zone classifications in South Africa previously defined by Schulze (1997) and Tyson and
Preston-Whyte (2000), where different zones of South Africa have been classified as having
summer, winter or all year round rainfall. The summer rainfall zone which covers most of
the interior and the eastern parts of the country is governed by convective rainfall which is
related to tropical-temperate troughs and synoptic-scale systems (Tyson and Preston-Whyte,
2000; Roffe et al., 2021). In contrast, the winter rainfall zone is limited to the southwestern
Cape and is associated with mid-latitude cyclones and frontal systems. The year-round
rainfall in the southeastern Cape is in the transitional zone where both synoptic systems and
orographic factors determine the rainfall (Tyson and Preston-Whyte, 2000; Roffe et al.,
2021).

The analysis of the seasonal rainfall shows that the north-south gradient over the eastern
escarpment study site is mainly related to the DJF and SON seasons, and this is clear in both
CRU and ERAS. Moreover, the examination of the seasonal rainfall patterns in ERAS shows
the same biases as those seen in the annual rainfall. That is, ERAS overestimates rainfall in
all the four seasons in most parts of South Africa. Particularly, over the eastern escarpment
study site, a persistent wet bias is evident in the seasonal rainfall of ERAS5. This
overestimation has been ascribed to the satellite data assimilation methods that enhance the
convective rainfall during the period of high precipitation (Gleixner et al., 2020). The results
here support this, with the greatest biases seen during DJF, the rainy season, and SON,
which is the second rainiest season. In contrast, the biases across the various seasons over
the eastern escarpment study site are lowest in the JJA and MAM seasons, which further
suggests that the bias is mainly through overestimation of convective rainfall. The regional
differences in seasonal rainfall are important for understanding ERAS's performance in

simulating seasonal rainfall, particularly the overestimation of convective rainfall in the
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summer rainfall region and possible biases in the simulation of winter cyclone rainfall and

orographic rainfall in the southwestern Cape.

The comparison of rainfall distributions and the extreme rainfall events is also useful to
reveal the discrepancies between CRU and ERAS. The ERAS rainfall distribution shows a
stronger representation of higher levels of rainfall events compared to CRU, particularly at
the upper end of the distribution . This therefore suggests that ERAS is more effective in
detecting short-term extreme events and therefore could be useful in early warning systems.
However, previous studies (McPhaden, 2008; Bell et al., 2018) have reported that reanalysis
datasets overestimate the occurrence of extreme rainfall events, particularly in the regions
where rainfall is influenced by ENSO. These differences are further highlighted in the
subregion statistical investigation. In particular, it can be seen that ERAS5 overestimates
rainfall in all the months and the bias is highest in the DJF and SON months, especially in
the regions with complex topography such as the Drakensberg Mountains. On the other
hand, ERAS has a tendency to underestimate rainfall in the western interior and arid zones,
where convective rainfall is less frequent. It is important to note that the greatest similarity

between CRU and ERAS i1s in the JJA season when convection is at its lowest.

6.3 ENSO-Rainfall Teleconnection: Implications and Variability

The climate of the southern African region is marked by significant year-to-year changes
which are mainly due to the El Nifio Southern Oscillation (ENSO), with the ENSO signal
itself being seasonal (Nicholson and Kim, 1997). The well-established influence of ENSO
events on rainfall in South Africa is negative rainfall anomalies during El Nifio and positive
rainfall anomalies during La Nifia (Reason and Rouault, 2005; Alemaw and Chaoka, 2006;
Dieppois et al., 2015). The results in this study confirm the ENSO teleconnection to rainfall
over both South Africa and the eastern escarpment study site and reveal that ERAS is able to
capture the ENSO signal in rainfall. However, it should be noted that the magnitude of
anomalies is overestimated by ERAS, especially during La Nifia. The results further confirm
that ENSO has the strongest influence during the DJF (summer) season when moisture
advection and atmospheric circulation are most sensitive to ENSO anomalies (Reason and
Rouault, 2005; Dieppois et al., 2015). While previous studies (such as Steinkopf and
Engelbrecht (2022)) have shown that ERAS is able to correctly capture the ENSO-rainfall

teleconnection over Africa, the results here provided greater insights into the spatial
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variability of the rainfall anomalies across South Africa and, in particular, the eastern

escarpment study site.

The seasonal variability of the ENSO impacts on rainfall anomalies is highest during the
austral summer (DJF). Previous work by Alemaw and Chaoka (2006) and Dieppois et al.
(2015) established that ENSO affects rainfall in Southern Africa by controlling the strength
and location of large-scale convergence of moisture. Specifically, El Nifio events are seen to
be associated with increased subsidence and a weakening of tropical-temperate troughs over
the subcontinent, leading to suppressed convection and reduced rainfall over most of South
Africa during the DJF season. Additionally, El Nifio events are linked to the northward
displacement of convergence zones, shifting moisture influx away from the region, which
contributed to drier conditions in the eastern and central parts of South Africa during the
DJF season (Mpheshea et al., 2025). These atmospheric processes are less active during the
transition seasons of MAM and SON, which explains the reduced ENSO signal in the
rainfall anomalies during these seasons. Crétat et al. (2019) found that the atmosphere is
least sensitive to ENSO because of decoupling of the oceanic and atmospheric circulation
systems during MAM, while Dieppois et al. (2015) established that the ENSO-related
rainfall anomalies in southern Africa are most significant in the DJF season and that only

residual or weak signals are present in the SON season.

In JJA (winter), ENSO has a limited impact on rainfall across most of South Africa,
including the eastern escarpment study site as was shown by both CRU and ERAS. This is
in agreement with Engelbrecht et al. (2020) and Reason and Rouault (2005) who claimed
that ENSO has a moderate effect on the winter rainfall which is largely driven by
mid-latitude frontal systems which control the winter rainfall zone in the southwestern parts
of South Africa. However, Reason and Rouault (2005) and Dieppois et al (2015) offer a
more nuanced perspective, showing that strong El Nifio events can lead to increased rainfall
in the Western Cape region due to associated subsidence anomalies and a southward
displacement of the westerly storm tracks. This shift can hinder the progression of frontal
systems into the winter rainfall zone ( Rouault et al., 2024). This suggests that, even though
ENSO’s effect is less significant in the central and eastern parts of South Africa during the
winter season, as determined by this study, it can affect rainfall in the southwestern Cape,
depending on the intensity of ENSO and its simultaneous interactions with other climate

drivers such as the Southern Annular Mode (SAM) and the Indian Ocean Dipole (IOD)
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(Reason and Rouault, 2005; Behera et al., 2005). Therefore, ENSO’s influence on winter

rainfall is not uniform across the country but instead exhibits spatial variability.

This research indicates that the influence of ENSO on rainfall varies substantially across
South Africa, with the eastern escarpment showing the strongest anomalies. Specifically, in
both the ranked ENSO-event analysis and DFJ seasonal composites, rainfall anomalies in
this region were larger than in the lowland or western areas. This spatial pattern is consistent
with the fact that the Drakensberg Mountains enhance rainfall variability through orographic
uplift, especially during ENSO events (Taylor et al., 2016). Orographic processes intensify
precipitation on the windward slopes when ENSO-related changes in moisture transport
strengthen easterly inflow, while lee-side regions experience reduced rainfall (Taylor et al.,
2016; Engelbrecht et al., 2020). The importance of the Drakensberg region for water
resources is well-documented because it supplies runoff to the Tugela and Orange rivers,
and ENSO-related rainfall anomalies in this catchment can affect seasonal river flows and
groundwater recharge which determines water supply (Alemaw and Chaoka, 2006).
However, the extent to which climate models accurately represent these interactions
continues to be difficult because coarse-resolution models have a limited ability to detect the
detailed terrain and local precipitation patterns (Blamey and Reason, 2023). Improving our
understanding of ENSO-rainfall dynamics, particularly over regions of complex topography,
is therefore essential for enhancing seasonal rainfall predictions and water security

management in southern Africa, with the consideration of future climate change scenarios.

Finally, while ENSO is widely acknowledged as the dominant driver of rainfall variability
over the southern African region (including the eastern escarpment study site), particularly
during DIJF, year-to-year deviations from the typical ENSO signal are evident. For example,
the CRU dataset shows above-average DJF rainfall over the study site during the EI Nifio
events of 1997/8, 2004/5, and 2009/10, while ERAS5 highlights 2004/5 as having a strong
positive anomaly. Furthermore, negative DJF rainfall anomalies are recorded in CRU, over
the study site, during numerous La Nifia events, and the same is true for ERAS. Some El
Nifio years do not lead to drought, and some La Nina years fail to produce widespread wet
conditions. This variability can be explained by additional factors such as the Indian Ocean
Dipole (Behera et al., 2005), local SST anomalies (Trenberth, 1997), and sub-seasonal
systems like the Madden—Julian Oscillation (McPhaden, 2008), which can either amplify or
suppress ENSO-driven convection. Recent work by Blamey and Reason (2023) further
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emphasises that the diversity of ENSO events, particularly differences between
Eastern-Pacific and Central-Pacific El Nifio types along with regional atmospheric features
such as the Botswana High and moisture flux patterns, significantly influence rainfall
outcomes in southern Africa. Their findings show that even during strong ENSO events,
regional climate anomalies may not align with expected patterns due to complex interactions
between large-scale drivers and local circulation. These insights highlight the importance of
using multiple datasets and considering the broader climate context when evaluating

ENSO’s impact on regional rainfall variability.

6.4 Regional Disparities in ENSO Impact

ENSO is widely regarded as one of the dominant large-scale climate drivers influencing
rainfall variability in South Africa, particularly during the austral summer (DJF) (Landman
et al., 2001,). El Nifio is typically associated with below-normal rainfall and drought while
La Nifia is typically associated with above-normal rainfall. Nonetheless, the size of these
anomalies and the places where they occur differ considerably from one event to the next
and are shaped by local factors (Engelbrecht et al., 2020; Reason and Rouault, 2005;
Dieppois et al., 2015). The results of this research show that the eastern escarpment study
site exhibits relatively stronger ENSO-related rainfall anomalies compared to other parts
of the region . Taylor et al. (2016) and Engelbrecht et al. (2015) also found that regional
topography enhances the hydrological impact of ENSO, especially in regions such as the
Drakensberg. Precipitation in the area is sensitive to variations in atmospheric moisture
transport and therefore the escarpment is an area of particular interest in ENSO-driven
hydroclimatic variation. Reason and Rouault (2005) also noted that the interactions with
synoptic systems at the local scale either enhance or weaken the manifestation of ENSO

anomalies, thereby pointing to the importance of spatial context.

As previously stated, not all ENSO events were associated with the expected rainfall
conditions. Both CRU and ERAS datasets indicate that some individual El Nifio and La
Nifia events exhibited opposite rainfall responses, with above-normal rainfall in certain El
Nifio years and below-normal rainfall during some La Nifia events. These inconsistencies
suggest that ENSO’s influence on rainfall can be modulated or overridden by other climate
drivers. Behera et al. (2005) and Engelbrecht et al. (2020) also observed that while ENSO

alters the intensity and direction of tropical moisture plumes, such impacts are not always
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straightforward. IOD anomalies or variability in the SAM can either amplify or weaken the
changes in the circulation due to ENSO, which in turn can affect rainfall anomalies These
complexities are evident in our comparative analysis of CRU and ERAS5 datasets, which
generally align on ENSO trends but differ in the magnitude of anomalies, especially during
La Nifia phases. This reinforces the need to interpret ENSO’s impacts within the broader

multi-scale climate system rather than in isolation.

Rainfall patterns in South Africa are also affected by other climate drivers such as
Madden—Julian Oscillation (MJO), Pacific Decadal Oscillation (PDO), and Indian Ocean
SST anomalies. These interactions not only influence the development and intensity of
ENSO events themselves but also shape the regional impacts on rainfall (McPhaden et al.,
2006). The MJO, in particular, modulates convective activity on intra-seasonal timescales
which may affect the timing and distribution of rainfall during ENSO years. These dynamic
interactions can also explain why some ENSO years do not follow the expected rainfall

signal.

The research conducted by Blamey and Reason (2023) demonstrates the complexity of
ENSO impacts on the eastern coast of subtropical southern Africa. According to their
research, ENSO controls rainfall patterns significantly in this region, but its influence
remains uneven across different areas and its intensity differs between regions. For example,
the relationship between Nifio 3.4 and summer rainfall is stronger in some locations than
others, and certain ENSO events produced unexpected rainfall anomalies, indicating the role
of additional modulating factors. These results support the notion that ENSO’s impact is not
uniform across South Africa and that climate dynamics, including interactions with the
Indian Ocean Dipole (IOD) and Southern Annular Mode (SAM), can alter expected rainfall
outcomes. The study demonstrates the need for multi-dataset evaluation and event
classification (e.g. EP vs CP El Nifio) to improve forecasting accuracy of hydroclimatic

patterns in South Africa.

6.5 Implications for Climate Science and Water Resource Management

This study provides evidence that ENSO is one of the primary drivers of interannual rainfall
variability across South Africa, with the strongest anomalies observed over the eastern

escarpment study site. It is also clear that ENSO is a vital predictor of seasonal rainfall
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anomalies. However, ENSO's influence is not uniform across South Africa, the western
interior and southwestern Cape regions show weaker ENSO correlations due to their
dominant winter rainfall regime, which is influenced more by mid-latitude westerlies than
tropical teleconnections (Reason and Rouault, 2005). The strength of the ENSO signal over
the eastern escarpment study site has important implications for water resource management

in South Africa.

The eastern escarpment serves as an important water region for South Africa, which feeds
major river systems such as the Tugela and Orange (Taylor et al., 2016). Reliable seasonal
forecasts based on ENSO signals can enhance water management strategies by informing
reservoir operations, optimising water allocations, and improving early warning systems for
both droughts and floods. This is especially critical in the context of increasing climate
variability and growing water demand. These findings align with Taylor et al. (2016) and
Engelbrecht et al. (2015), who emphasise the need for improved forecasting tools in
climate-sensitive source regions to mitigate hydrological risks. Furthermore, the results
highlight the importance of integrating climate knowledge into long-term infrastructure
planning, especially in water-stressed provinces where ENSO-driven variability can
significantly influence streamflow, soil moisture, and groundwater recharge (Engelbrecht et
al., 2020). Strengthening predictive capabilities in these regions can support more resilient

water management and adaptation strategies in a changing climate.

Validating ERAS against observational datasets like CRU is crucial for future climate model
development, as many models are benchmarked against ERAS reanalysis. Since climate
models rely on reanalysis data to calibrate and validate their simulations, assessing how well
ERAS represents ENSO-driven rainfall variability ensures that these models are built on a
robust foundation. If ERAS accurately captures ENSO teleconnections, it strengthens
confidence in its use as a reference dataset for global and regional climate simulations.
Conversely, any biases or inconsistencies identified in ERAS provide critical insights for
improving model parameterizations and correcting systematic errors. Given that ENSO
plays a fundamental role in modulating southern African rainfall, ensuring that ERAS
reliably reproduces these relationships enhances the credibility of climate projections,
particularly under future warming scenarios. This is because ERAS is often used to validate

and calibrate climate models. If it captures ENSO impacts accurately, we can have more
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confidence in future projections and their use in seasonal forecasting, water planning, and

climate adaptation.

78



Chapter 7: Conclusion

7.1 Assessment of the achievement of the aim and objectives

This study aimed to investigate the spatial and temporal characteristics of rainfall in South
Africa’s mega-dam region and assess the influence of ENSO on precipitation anomalies. A
key focus was evaluating how well the ERAS reanalysis dataset captures ENSO-rainfall
teleconnections compared to observational data (CRU). By analysing how rainfall patterns
change across different ENSO phases and seasons, this study provides critical insights into
climate variability, dataset reliability, and the implications for seasonal forecasting and water

resource management in this hydrologically significant region.

The first objective of this study was to quantify the ENSO-rainfall relationship over the
eastern escarpment region using the observational dataset. The results confirm that during El
Nifio events, the eastern escarpment study site is associated with dry conditions
(below-normal rainfall) and during La Nifia events wet conditions (above-normal rainfall)
occur. This relationship between rainfall and ENSO phases has been well-studied over
southern Africa as a whole, but this study provides new insights at the regional scale. The
influence of ENSO on rainfall over South Africa is strongest during austral summer season
(DJF), and much weaker in the other seasons, and it is interesting to note that this holds true
for the eastern escarpment study site too. Moreover, the eastern escarpment area has some
spatial variability in the rainfall response during spring (SON) and not all the areas have the
same pattern of above- or below-normal rainfall, although the anomalies are generally small.
In terms of observations, another key finding is the shift to positive (negative) rainfall
anomalies during El Nifio (La Nifia) events in winter (JJA). This was also consistent both
country-wide and over the eastern escarpment region. However, given the limited winter
rainfall over the eastern escarpment, this suggests that ENSO is not the primary driver of
precipitation during this season. The second objective was to determine how well the ERAS
dataset captures the ENSO-rainfall teleconnection over the eastern escarpment region. This
comparison with the CRU dataset indicates that ERAS5 captures the well-known
ENSO-linked rainfall anomalies reasonably well, with the expected dry (wet) conditions
during El Nifio (La Nifa) events in the DJF period. The dataset performs effectively in
capturing the spatial patterns and the seasonal rainfall responses, particularly during the

austral summer. Nonetheless, ERAS is prone to overemphasise the magnitude of anomalies,
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especially during La Nifia years, and has a general wet bias over the escarpment. Having
said this, the high correlation between ERAS and CRU during DJF indicates that ERAS is a
suitable model to represent the ENSO impacts in this environmentally complex region,

although absolute values should be used with some caution.

The third objective was to compare historical El Nifio and La Nifia events to see how they
differ in their impacts on rainfall in the mega-dam region. The analysis further reveals that
while El Nifio leads to below-normal rainfall, and La Nifa leads to above-normal rainfall,
this is not always the case across all the years. Some El Nifio years had near-normal or even
above-normal rainfall in the study area and not all La Nifia events resulted in consistent wet
conditions. These differences in event variations show the involvement of other climate

factors and atmospheric conditions in the modulation of ENSO effects.

The findings of this study have important implications for water resource management and
seasonal forecasting. The persistent ENSO-rainfall relationship in the eastern escarpment
suggests the potential value of ENSO-based seasonal forecasting in this region, which
serves as a key source area for major river systems. This understanding of these
teleconnections may be useful for enhancing early warning systems, improving the
management of reservoirs, and in supporting climate-resilient water planning. However, the
variability in rainfall responses across different ENSO events underscore the need for
careful interpretation of seasonal forecasts and the integration of different data sources.
While ERAS provides valuable spatial and temporal resolution that can assist in identifying
rainfall anomalies, its tendency to overestimate rainfall totals suggests that bias correction is
necessary for its effective application in climate models. Given that ENSO has the greatest
influence on rainfall over the study site during DJF, with a moderate signal in SON, these
seasons should be prioritised in seasonal forecasting and drought risk management
strategies. Overall, this study demonstrates the usefulness of both reanalysis and

observational datasets to obtain reliable insights into regional hydroclimatic behaviour.
7.2 Study Limitations and Future Research Directions

While this study provides valuable insights into ENSO’s influence on South African rainfall,
several limitations should be acknowledged. As a first step, it is worthwhile to expand the
observational baseline by incorporating more rainfall datasets. Although CRU is a good

gridded observational product, it is not always accurate in regions with limited station

80



coverage. Employing multiple observational sources would increase the certainty of the
results and the robustness of the ENSO-rainfall analyses. In addition, while this study
focused on ENSO as the main climate driver, other large-scale systems such as the Indian
Ocean Dipole, the Southern Annular Mode, and the Madden—Julian Oscillation can also
affect rainfall variability in the region. How these modes combine with ENSO would be
useful in refining the seasonal forecasting models and increasing understanding of
compound climate effects. There is a need to carry out a follow-up study to determine how
the ENSO-rainfall teleconnection may shift with future climate scenarios. Such a study
would be useful for informing long-term water resource planning and climate adaptation
strategies in South Africa, which would be especially valuable if repeated using CMIP6
global climate models to help understand whether the strength, frequency, or spatial

expression of ENSO-linked rainfall anomalies is likely to change with a changing climate.

7.3 Final Thoughts

Based on the outcome of this research, it is important that future work builds on this study
by employing global climate models and more observational data. A direction that could be
worth pursuing in the future is to perform this analysis again using the output of CMIP6
(Sixth Coupled Climate Model Intercomparison Project) global climate models to see how
the ENSO rainfall relationship over the eastern escarpment is projected to change with
different climate change scenarios. It could be helpful to determine if the teleconnection is
probably going to get stronger, weaker or even move to some other area. There is a need to
improve the calibration and bias correction of reanalysis products like ERAS, especially in
the complex terrain where overestimation of rainfall can lead to incorrect assumptions in
water management. Lastly, it is important that future work should combine climate science
with hydrology, agriculture and disaster risk management to develop more integrated and
multidisciplinary approaches to provide recommendations for adaptation measures. These
efforts will be crucial to improving climate resilience in the region in a future of increased

variability and uncertainty.
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