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Abstract

Cut-off lows (COLs) are an important rainfall source in the Western Cape. While several
studies have examined the devastating impacts of COLs during extreme rainfall events,
little is known about the characteristics of COLs during droughts and how the
characteristics are influenced by the South African complex topography. This thesis
investigates the interannual variability of COLs and COL precipitation over Western Cape,
with a focus on the 2015 - 2017 drought that affected the region and examines how well
climate models simulate the variability. It also studies how the complex topography of
South Africa influences the COLs characteristics. Four types of datasets (observation,
satellite, reanalysis, and simulation) were analysed for the thesis. The observation,
satellite and reanalysis data were analysed from the period 1979-2017, while two
simulations were performed using a regional climate model (called WRF) and a variable
grid model (called MPAS) for the period 2007-2017. A COL tracking algorithm was used
to extract all the COLs that occurred in the vicinity of the Western Cape during the study
periods. The Self Organising Map (SOM) was used to classify the COLs into groups
based on their precipitation patterns. The upper-air data was analysed to study the
characteristics of the COLs in each group. To examine the role of topography on COLs,
WRF was applied to simulate three COLs over real and three idealised terrains (i.e. “no

topography”, “only-west-topography” and “only east topography”).

The results show that, on average, the Western Cape experiences 10 COLs per year and
the COLs contribute about 11% of the annual precipitation over the province, although
with a large interannual variability. In 2015 and 2016, the COLs occurred more frequently
than normal, with more than normal precipitation contribution, thereby reducing the
drought severity in the two years. Contrarily, in 2017, the COL frequency and precipitation
contribution were less than normal, because COLs were mainly seen further south.
Nevertheless, we found that an increase in annual COL frequency does not always lead
to an increase in the annual COL precipitation, because the COLs produce different
amounts of precipitation. More than 45% of the COLs over the Western Cape produces
little or no precipitation. The SOM results reveal that the spatial distribution of COL



precipitation can be grouped into four major patterns. The first pattern indicates
precipitation over the entire Western Cape while the second shows little or no
precipitation; the third and fourth patterns feature precipitation over south-east coast and
south-west coast, respectively. The major difference between the first pattern (i.e. wet
cols) and the second pattern (dry COLS) is that while the wet COL is associated with a
southward transport of warm and moist tropical air towards the Western Cape, the dry
COL is not. Hence, the contrast between the warm and cold air mass is weaker in dry
COLs than in its wet counterpart.

The models (WRF and MPAS) capture the seasonal and annual climatologies of COLs
and their precipitation. However, they do not always capture the inter-annual variability,
with WRF outperforming MPAS in general and during the drought period. Both models
represented all the COL precipitation patterns well but under-estimated the frequency of
dry COLs throughout the seasons. However, the models were able to simulate the
general observed differences between dry and wet COLs. WRF simulation shows that
topography influences the precipitation, track, formation and vertical structure of COLSs.
Topography provides the additional forcing needed for COL formation. The results of this
study may be applied to improve monitoring and prediction of extreme rainfall events over

the Western Cape.
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Chapter 1 : Introduction

1.1 What are Cut-off Lows?

A Cut-off low (COL) is a closed, cold-cored low in the upper troposphere. These systems
start as troughs in the upper atmosphere Rossby wave. The troughs become unstable,
extend equatorward and therefore, become cut-off from the wave. Their life-cycle can be
generally described by four stages as depicted in Fig. 1.1. The first stage starts with a
high-amplitude upper level trough which advects colder, polar air equatorward (Nieto et
al., 2005). The trough becomes unstable as the wave increases in amplitude and
sometimes decreases in wavelength. During the second stage, the tear-off stage, the
trough’s instability increases and it begins to become separated from the wave, along
with the cold air being advected with it (Porcu et al., 2007). Once the tear-off stage is
completed, a closed low-pressure system with a pool of cold, polar air is formed and this

is the stage called the cut-off stage.

At this point the system can be identified as a closed low within geopotential height and
temperature fields between the 200hPa - 500hPa pressure level. Depending on the
system, the low may extend to the surface, however some COLs are shallower than
others (Porcu, et al. 2007) and some may even have an anticyclone at the surface. Strictly
speaking at this stage the system is completely cut-off from the meridional flow, although
this isn’t always entirely true. However, because of this separation from the general flow,
COLs tracks can often be erratic and difficult to predict (Nieto et al., 2008), as their motion,
unlike mid-latitude cyclones, is no longer driven by the jet-stream. To add to this, since
they are no longer influenced by the general flow, COLs can remain quasi-stationary over
an area for several days thus giving them the capacity to considerably influence the

weather over that area (Gimeno et al., 2007).



The last stage in a COL'’s lifecycle is the final stage or the dissipation stage. This stage is
dependent on the surface conditions and convection. Since COLs are colder than the
surrounding environment they lead to unstable conditions, which, depending on the
surface conditions, can lead to considerable convection. Thus, COLs have the potential
to cause severe precipitation events. However, the precipitation is often dependent on
the moisture availability and temperature of the surface, as different surface conditions
may permit or inhibit convection. This adds to the challenges that come with COL
prediction. When instability occurs, convection and release of latent heat (due to
precipitation) results in the decay of the COL as the cold-core can no longer be
maintained. This is especially effective over warmer surfaces whereas colder surfaces
help to prolong the lifespan of COLs and thus COLs over colder surfaces will be
maintained until they become subsumed into a westerly trough or they track over a
warmer surface (Nieto et al., 2008). Therefore, COLs are weather systems that are
dependent both on the westerly flow in the upper-mid troposphere as well as the
conditions at the surface. Once they become disconnected from the westerlies, their
tracks become less predictable and the amount of precipitation they produce and their
lifespan is dependent on the surface conditions. Under the right conditions they can

produce substantial precipitation.
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Figure 1.1: An idealized diagram showing the typical stages of a cut-off low in the southern hemisphere. Adapted from
Nieto et al (2005)

1.2 South African Climate

1.2.1 South Africa’s Geographic Position and Topography

South Africa is situated at the southern tip of Africa. Owing to its position, South Africa is
influenced by tropical, subtropical, and mid-latitude weather systems. The country is also
influenced by the Indian Ocean to the east and the Atlantic Ocean to the west, along with
two ocean currents that play a major role in South African climate. The warm Agulhas
current flows along the east and south coast of South Africa, and in contrast, the cold

Benguela current flows along the west coast. This sea surface temperature (SST)



difference helps to set up a precipitation gradient across the country, with drier conditions
over the west of the country and wetter conditions to the east. South Africa’s topography
adds another layer of complexity to the country’s climate which not only sets up spatial
gradients in precipitation and temperature, but also sets up areas which exhibit different
intra-annual signals. South Africa’s topography consists of steep escarpments along the
east, south and west coasts. These escarpments make up the slopes of the central
plateau which sits over the interior of most of South Africa. The central plateau slopes
gently, with higher elevations over the eastern parts and lower in the west and northern
parts. The Drakensberg Mountains make up part of the eastern escarpment and some of
their highest peaks rise up beyond 3000m. The Cape Fold Mountain Belt consists of the
well-known mountains that lie along the south and west coast of South Africa, and along
with the western and southern escarpment affect the climate of the region. The
topography also generally leads to a west-east as well as a north-south gradient in

precipitation over South Africa (Pohl et al., 2014).

1.2.2 The Weather Systems that Influence South Africa

Several weather systems contribute to precipitation over South Africa. As indicated
earlier, due to South Africa’s geographical position, the country is influenced by tropical,
sub-tropical, and mid-latitude systems. During summer, the Intertropical Convergence
Zone (ITCZ) shifts southwards, along with easterly waves and lows that bring summer
precipitation to most parts of South Africa. With the shift of the ITCZ, the semi-permanent
sub-tropical systems, which include the Atlantic and Indian anticyclones, are also shifted
further south, allowing for rainy conditions to dominate most of the country. During winter,
the ITCZ shifts further north and the sub-tropical highs move over the country, leading to
dry conditions over parts of the country. However, along with this shift, the jet stream and
westerly waves are shifted northward, bringing with them mid-latitude cyclones and cold
fronts. As discussed previously, these also bring COLs, but COLs are less dependent on
the position of the jet. The northward shift of the jet shifts the tracks of these cold fronts,
which allows for these systems to track along the south-west and south coasts of South
Africa. The fronts bring precipitation over the escarpment areas and sometimes further
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inland through organised squall lines (Tyson and Preston-Whyte, 2000), bringing winter
precipitation to these regions. During the shoulder seasons, precipitation is mostly caused
by the transport of warm moist air from the Agulhas current over the escarpment. This
produces precipitation, mostly over the eastern and south coast regions, during the
summer and shoulder seasons (Engelbrecht and Landman, 2016). The combination of
the different weather systems, the topography and the country’s geographic position lead
to regions of different rainfall regimes. The summer rainfall region is dominated by tropical
and sub-tropical systems, the winter rainfall region is mainly influenced by weather
systems brought by the westerlies, and the all-year round rainfall region which is

influenced by both.

1.2.3 Western Cape and it’s Precipitation

The Western Cape is the only part of South Africa that receives most of its precipitation
during winter (Mahlalela et al., 2018). On average it receives its highest precipitation
during the winter months of June-July-August (JJA). However, the precipitation signal is
a bit more complicated as the province can actually be divided into three different rainfall
regions. Fig. 1.2 shows these different rainfall regimes, the winter rainfall region is
situated over the western parts of the province, where precipitation varies from less than
200 mm in the north to over 1000 mm per year over the mountainous regions (Mahlalela
et al. 2018). The all-year rainfall region occurs along the south coast and sees similar
precipitation amounts throughout the year, with yearly precipitation totals ranging from
400 to above 100 mm. The north-east part of the province is called the late summer
rainfall region, where precipitation falls mainly during January-February. This area
receives less precipitation than the other regions, i.e. between 200 and 400 mm per year
(Mahlalela et al., 2018).
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Figure 1.2: A map of South Africa with the Western Cape highlighted. The Western Cape rainfall regions are designated
as WRA (i.e. the winter rainfall region), ARA (i.e. the all year rainfall region) and SRA (i.e. the late summer rainfall

region).

1.2.4 Factors Influencing Western Cape Precipitation

Most of the south coast is influenced by both mid-latitude and tropical weather systems
(Engelbrecht et al., 2015). The mid-latitude systems that affect the area are cold fronts,
ridging highs, and COLSs, and the tropical influence is generally from Tropical Temperate
Troughs (TTT) (Engelbrecht et al., 2015). The warm Agulhas current allows for moisture
to be brought into the region and it is one of the reasons why ridging highs lead to
precipitation over the region (Taljaard, 1985). Since this area is influenced both by the
winter precipitation-bearing mid-latitude systems, the summer tropical systems and
ridging highs, it receives precipitation all year round and thus the south coast designated
as the All-year Rainfall Area (ARA). Unlike the south coast, the north-eastern region of
the Western Cape is dominated by summer precipitation systems and forms the Summer
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Rainfall Area (SRA). This is because the Cape Fold Mountain belt acts as a barrier to the
penetration of moisture from the Agulhas current (Du Plessis and Schloms, 2017) and of
cold fronts into the SRA.

The Winter Rainfall Area (WRA) dominates the overall precipitation signal of the province,
but it is actually confined to the western parts of the region (Mahlalela et al., 2018), where
the main precipitation influences are mid-latitude weather systems i.e. cold fronts and
associated mid-latitude cyclones and COLs (Lennard and Hegerl, 2015; Otto et al., 2018;
Weber et al., 2018). Atmospheric rivers are also important to winter precipitation as they
transport moisture into the region and therefore fuel cold fronts. Extreme precipitation
days over the winter rainfall region are often associated with atmospheric rivers (Blamey
et al., 2018). The main moisture sources for atmospheric rivers seem to be from the south
east Atlantic Ocean and South America (Ramos et al., 2019). There is a link between the
phase of the South American Low Level Jet (SALLJ) and moisture transport to Southern
Africa. During what is called the no Chaco jet event the winds do not deviate as far south
and thus are able to transport moisture zonally (Ramos et al., 2019). The continental
areas north of Southern Africa are also a moisture source for Western Cape winter rainfall.

However, the mechanism behind this transport is still not clear (Ramos et al., 2019).

1.3 Impacts of COLs

Cut-off lows (COLs) are known for intense rainfall. COLs form due to unstable Rossby
waves (Porcu et al., 2007; Favre et al., 2012), where troughs in the Rossby wave extend
equatorward and become cut-off (Campetella and Possia, 2007; Favre et al., 2013). The
air within the COL is thus colder than the surrounding atmosphere. This produces an
unstable atmosphere which leads to deep convection and can cause extreme
precipitation (Singleton and Reason, 2007b). Cut-off lows have been reported to cause
floods and disaster events in different parts of the world (Porcu et al., 2007; Hu et al.,
2010; Stucki et al., 2012; Abatzoglou, 2016).



COLs have been known to cause floods over mid-latitude and sub-tropical regions in both
the northern and southern hemispheres. For example, COLs bring extreme precipitation
to the Mediterranean region (Porcu et al., 2007), United States (Abatzoglou, 2016), north-
east China (Hu et al., 2010), South America (Godoy et al., 2011), Australia (McInnes and
Hubbert, 2001), and Southern Africa (Singleton and Reason, 2007b). In 2008 a COL led
to extreme precipitation over Lisbon, Portugal (Fragoso et al., 2010). The event was the
heaviest precipitation event on record and led to flash-flooding, land-slides, displacement
of people, and even loss of lives. In Hiroshima, Japan, on the 19 August 2014, a COL
resulted in extreme precipitation of 100 mm.hour? which led to flash flooding, the
destruction of 330 houses and 75 deaths (Hirota et al., 2016). Heavy rain, hurricane force
winds, and sea swell from a COL event on the 7-9 June 2007 in Australia, led to one of
the most expensive natural disasters in the country’s history (Dowdy et al., 2011). These

examples indicate the destructive impact these systems can have across the world.

South Africa is no exception, as COLs have led to some major natural disasters over the
country. One of the most famous of these was the Laingsburg flood which led to the loss
of 104 lives (Estie, 1981). Another COL event in 1987, in KwaZulu Natal, led to severe
flooding with precipitation amounts exceeding 900 mm in three days (Singleton and
Reason, 2007a). While in August 2002, a COL event led to flooding in East London
resulting in R2 million in damages, 14 deaths, and 3000 people left homeless (Singleton
and Reason, 2007b; E DeJager 2013, personal communication, 13 December). The
Western Cape Province of South Africa seems patrticularly vulnerable to COLs, as more
than half (7 out of 12) of the flooding events in the province, during 2003-2008, were
caused by these weather systems (Holloway et al., 2010). Here are some examples of

the damages caused by COL events in the Western Cape:

1. In 2003 a COL led to floods over the Western Cape, which cost the province
R212.4 million in damages, required the evacuation of 200 people and led to the
loss of three lives (Holloway et al., 2010; Pharoah et al., 2016).



2.

In 2006 heavy floods from two COLs cost the province R600 million in damages,

the displacement of 1600 people and five deaths (Pharoah et al., 2016).

Heavy precipitation from a COL in November 2013 affected 19000 people living in
low-cost housing and informal settlements. To add to this, 121 patients had to be
evacuated from a clinic and the overall damage totaled R167 million (Pharoah et
al., 2016).

In January 2014 a strong COL, seen in Fig. 1.3, led to a flood and 33 people had
to be rescued by helicopter. The flood also led to 4 fatalities and over R450 million

in damages (Pharoah et al., 2016).



Figure 1.3: Airmass RGB overlaid with GFS analyses of geopotential height at 250hPa and mean sea level pressure
during a COL event on the 9 January 2014 (source: Eumetsat, 2014).

1.4 The Western Cape Drought

Droughts can exert a heavy toll on the socio-economic activities of any community,
especially in the Western Cape, where human resilience to climate extremes is very low
(Nath and Behera, 2011). In 2015-2017, a severe drought reduced water availability in
the Western Cape (South Africa), placing enormous stress on the community. During this
period, the annual precipitation over the province decreased by more than 50% of the
normal levels (consecutively over the three years). In 2017, the levels of the dams, which
provide water for all activities in the province, dropped to 32% (with the last 10% of dam
water being unusable). This led to the most severe drought since 1904 (Otto et al., 2018)
and the worst water shortage in the province in the last 113 years (Botai et al., 2017). As
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a result, severe water restrictions were imposed, limiting each resident to 50 litres per
day. The Western Cape drought was declared a national disaster (Visser, 2018) and the
economic impact was enormous. For example, between 28,000 and 35,000 agricultural
jobs were lost (Pienaar and Boonzaaier, 2018), water-reliant businesses (such as
nurseries, car washes, and construction companies) were closed down, and many
hospitality industries were unable to provide enough water for their clients, as they were
running on minimum water capacity. There is concern that with ongoing global warming
this type of drought may become more frequent in the future. This may have devastating
impacts on South Africa’s economy, because the Western Cape provides 14% of South
Africa’s gross domestic product (GDP) and it is home to the City of Cape Town, Africa’s
most popular tourist destination, with approximately 3.7 million inhabitants (StatsSA,
2011). Hence, for better drought management and effective planning in the future, there
is a need to understand how different precipitation bearing systems over the Western

Cape changed during the period.

1.5 Motivation of Study

While COLs bring destructive extreme events, they are also important water sources. For
example, a COL event over North-west Africa, while causing heavy precipitation, also
filled the reservoirs providing better irrigation (Knippertz and Martin, 2007). In Australia,
COLs play an important role when the southern annular mode is in its positive phase.
During the positive phase precipitation decreases due to storm tracks occurring further
south, however COLs, which are more frequent during this phase, make up for some of
this loss in precipitation. Heavy precipitation from COLSs are also known to mask the drying
caused by El Nifio years over Australia. Thus, in the context of the recent Western Cape
drought, COLs could have provided some much-needed relief. While other precipitation-
bearing systems have been examined in relation to the drought (Sousa et al., 2018),
COLs have not.

Despite the economic damage COLs can cause and their importance as a precipitation
source little is known about the contribution of COLs to the Western Cape’s precipitation.
There is a dearth of information on why COLs produce certain precipitation patterns and
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amounts. In other words, why do some COLs produce heavy precipitation while others
produce little or no precipitation? Since the Western Cape’s precipitation is known for its
high precipitation variability it is important to understand better how COL precipitation
contributes to this region. To add to this, according to Pharoah et al. (2016) there is an
identifiable increase in the frequency of COL-induced extreme precipitation days and that
flood events associated with COLs occur almost annually in the Western Cape.
Therefore, understanding the characteristics of COLs over the Western Cape is important
to aid better planning of both extreme precipitation events and droughts.

However, the skill and accuracy of COL precipitation forecasts over the Western Cape
are still very low (Pharoah et al., 2016). To minimise COL-related disasters in the Western
Cape, there is a need for more studies on how to improve the prediction of COL
precipitation over the province. With an increase in the frequency of drought and extreme
precipitation events over the Western Cape, accurately representing COL precipitation in
climate models is essential to further understand and predict Western Cape precipitation.
However, little is known about how well models are able to capture the characteristics of
COLs over this area. To add to this, one of the issues with simulating or forecasting COLs
and their precipitation accurately is due to complicated relationships with the terrain below
(Nieto et al., 2008). Therefore, exploring how topography influences COLs and their
precipitation over the Western Cape could improve understanding and prediction of these

systems.

To understand these systems we would like to test certain hypotheses. Firstly, that COLs
are important to Western Cape precipitation and that different precipitation patterns are
associated with different COL dynamics. Secondly, the drought over the Western Cape
presumably meant less COL precipitation over the area too - or was this not necessarily
the case? And lastly that topography plays a major role in influencing the formation, track,
precipitation and dynamics of COLs over the Western Cape.
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1.6 Aim and Objectives

The aim of this study is to examine the characteristics of Cut-off lows and of the
associated precipitation pattern over the complex terrain of the Western Cape and
investigate the capability of climate models to simulate them. To achieve this aim the
following objectives are addressed:

e Investigate the interannual variability of COLs and COL precipitation over the Western
Cape and understand whether COL occurrence and precipitation changed during the
2015-2017 drought.

e Identify the different precipitation patterns of COLs over the Western Cape and
explore their dynamics.

e Explore how well a variable resolution (or stretched grid) Global Climate Model
(VGCM) and Regional Climate Model (RCM) can simulate the variability of COLs and
COL precipitation, whether they are able to capture the drought signal as well as the
different precipitation patterns and their dynamics.

e Examine the role topography plays in COLs in terms of formation, track, precipitation
and dynamics by doing model sensitivity experiments on case studies of COLs over

South Africa using different topographic configurations.
These aims and objectives inform the following three hypotheses of the study.

Hypothesis 1: Changes in characteristics of COLs (i.e. tracks frequency and the
associated precipitation) over the Western Cape contributes to the 2015-2017 drought in

the province.

Hypothesis 2: The characteristics of COLs over the Western Cape can be reproduced
by the Weather Research and Forecasting (WRF) and the Model Prediction across
Scales (MPAS) models.

Hypothesis 3: The characteristics of COLs over South Africa is influenced by the

complex topography of southern Africa.
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1.7 Thesis Outline

This work is organised into seven chapters; the present chapter introduces COLs and the
different precipitation systems that affect the Western Cape, explains why COLs are
important to study over this region, and motivates why a focus on the Western Cape 2015-
2017 drought is important.

Chapter 2 provides an overview of the different ways of identifying COLs. The chapter
also discusses what other studies have found about COLs and their precipitation over
South Africa and the Western Cape. What is known about the Western Cape drought is
explored and previous studies about COL behaviour during drought is drawn upon. The
Chapter also goes on to examine what is known about the effects of topography on COLs

over other regions as well as in South Africa.

Chapter 3 describes the datasets used in the study and model set-ups. It outlines how
the COLs were identified and tracked for this work, explains how COL precipitation is

characterised and describes how the role of topography is examined.

Chapter 4 reports the characteristics of COLs over the Western Cape. It describes the
spatial and temporal characteristics of their occurrence and associated precipitation. The
chapter also explores whether these signals changed during the 2015-2017 drought. The
chapter identifies the main precipitation patterns associated with COLs over the Western
Cape, explores the dynamics associated with these patterns, and further examines the
main differences between the wettest precipitation pattern and the driest precipitation

pattern.

Chapter 5 explores whether the climate models are able to capture the COL
characteristics identified in chapter 4 and whether they were able to simulate the nature
of these characteristics during the 2015-2017 drought. It also examines whether the
models simulate the same precipitation patterns associated with COLs and if the models

are able to capture the differences, identified in chapter 4, between dry and wet COLSs.
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Chapter 6 presents the results of the topography sensitivity experiments and describes
how different parts of the South African topography may influence the formation, track,
and precipitation of the COLs examined. It also examines how topography influences the

vertical structure of a chosen COL.

Chapter 7 outlines and summarises the findings of this study. The chapter also points out

the shortcomings of this study and provides suggestions to improve the work.
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Chapter 2 : Literature Review

This chapter provides a comprehensive review of COL studies. It starts by reviewing the
differences in the definition of COLs in the literature and how the differences influence the
COL identifications in the studies. Then, it reviews previous studies on characteristics of
COLs and the associated precipitation over the Western Cape. It also summarises
findings of previous studies on COL simulations and the influence of topography on COL

characteristics over South Africa.

2.1 Definition and Identification of Cut-off Lows

COLs are often defined or called using different names in the literature. This usually
causes confusion in terms of providing good definitions of these systems. The first
reference to these systems seems to have been by Koppen (1886) in which the author
referred to them as cold air pools (Llasat and Puigcerver, 1989). The authors defined cold
air pools as marked depressions in the mid-upper troposphere with cold centers.
However, this term became used too commonly for many different upper level cold core
lows (Llasat et al., 2007) and thus the term cut-off low was born to indicate that they were
systems that had been separated from their original air mass through the strangulation of

troughs in the westerly wave (Palmén, 1949; Llasat et al., 2007).

Despite the refining of the system’s name there are several ways in which COLs have
been identified. Some studies have used subjective approaches to identify COLs. Both
Price and Vaughan (1993) and Kentarchos and Davies (1998) manually inspected
geopotential height and wind vectors at the 200hPa level and defined a COL as a system
which exhibited a closed geopotential height contour or closed circulation. However,
subjective identification of COLs is labor intensive and often not plausible for analyses
longer than a couple of years. Therefore, studies have also made use of objective
algorithms to identify COLs. Some studies have used algorithms that identify COLs from
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geopotential height and temperature minima on a specific pressure level (Singleton and
Reason, 2007b; Favre et al., 2012; Engelbrecht et al., 2013). Other studies use potential
vorticity data (Pinheiro et al., 2017) and still others use several variables based on a
conceptual model of a COL (Reboita et al., 2010; Ndarana and Waugh, 2010). Nieto et
al. (2008) compared two different COL climatologies using different identification
techniques. The one technique used different variables based on a conceptual model of
COL which was used previously by Nieto et al. (2005), and the second technique used
PV values to identify COLs on different isentropes. Nieto et al. (2008) concluded that the
results from each method agreed well but that bigger differences are seen when different

atmospheric levels are used.

Pinheiro et al (2019) also compared different methods, the authors compared single and
multiple variable schemes. Looking at just geopotential height and relative vorticity
anomalies they found that the relative vorticity method picked up more COL tracks than
using geopotential height especially for lower latitude regions and summer COLS, more
early stage developing COLs were identified. However, when the cut-off criterion was put
in place the two methods showed more similar values and also showed similar seasonal
and intensity distributions. The authors added variables to the two methods and explored
how adding wind, wind and potential vorticity, wind and temperature and finally all three
variables influenced the identification of these COLs. The authors concluded that the
simpler method, with just adding wind, was able to identify more COLs. This was
concluded by manually comparing identified COLs to a visual inspection of the 300hPa
geopotential height fields. The authors were not able to explore all methods such as using
just temperature alone without wind and also stated that individual regions needed to be
explored in more detail and that different levels and datasets will influence the
performance of a specific method. This indicates that simpler methods may provide better
results but that for specific regions, levels and datasets the method chosen needs to be

manually verified.

This issue with different levels was examined by Reboita et al. (2010), who identified
COLs using 200hPa, 300hPa and 500hPa geopotential heights and found that using
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different levels yielded different results such as seasonal frequency and location. The
results motivated Ndarana and Waugh (2010) to explore the differences further. They
concluded that COLs are more likely to occur at different levels over the southern
hemisphere depending on the season and the strength of the sub-tropical and polar jets.
This suggests that, as long as a method is validated correctly, the most important
consideration should be the choice of level used in identifying the COLs. Results from
Ndarana and Waugh (2010) indicate that over the Western Cape and South Africa
500hPa COLs have higher annual occurrences than at the 250hPa level. However, the
present study shall explore this further by testing COLs at both the 300hPa level and

500hPa level as this has not yet been compared over the Western Cape.

2.2 Characteristics of Cut-off lows over South Africa and the

Western Cape

Several studies have explored COL characteristics over the Southern hemisphere and
have provided some general information on COLs over South Africa (Fuenzalida et al.,
2005; Reboita et al., 2010; Pinheiro et al., 2017). All the studies found that preferential
areas of COL occurrence are located around the continental regions of South America,
Southern Africa and Australia. Pinheiro et al. (2017) analyzed COL track density for 1979-
2014 at the 300hPa level over the Southern Hemisphere and found that, in autumn and
spring, COLs mostly occur over the south and south west coast of South Africa. During
winter this maximum is seen mainly over the south west coast and in summer the track
density is comparatively less, and the maximum is seen just off the south coast.
Fuenzalida et al. (2005) analyzed the period 1969-1999, also at the 300hPa level, and
found similar results except during summer where the area of maximum COL occurrence
was over the south west coast and the number of COLs per season was less than that of
Pienheiro et al. (2017). The difference in number of COLs per season could be attributed
to the change in satellite data after 1979. Reboita et al. (2010) found that pre-1979 COL
climatologies showed fewer COLs. The authors compared the period 1950-1978 and
1979-1999 and found that the later period shows more COLs over South Africa than the

earlier period. Off the coast of the Western Cape is one of the areas which shows the
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largest difference over South Africa, where up to 40 more COLs are seen in the later
period. These climatological studies show that there is a preferential region for COLs off
the south and west coast of the Western Cape. However, there are some disagreements
between the frequency and seasonality of occurrence and very little information on how

these COLs over the coasts affect the Western Cape.

While the COL studies over South Africa provide some insights into COL characteristics
over the Western Cape, no study looks at COL behaviour specifically over the Western
Cape. For instance, studying the contribution of COLs to precipitation over South Africa,
Favre et al. (2013) found that COLs, identified at the 500hPa level, contribute less to the
precipitation of the south west compared to the south coast and eastern regions of South
Africa. The authors’ results show that COLs contribute less than 15% to the annual
precipitation of the Western Cape region, with some higher percentages seen on the
eastern border of the Western Cape. However, their results only show the percentage of
seasonal contribution and indicate that some areas of the Western Cape exceed 15%
especially during the summer and spring months. These results suggest that the
contribution of precipitation by a COL event over the Western Cape is overshadowed by
the cold fronts that bring precipitation during the winter season. This study focused on the
whole of South Africa and therefore information about what types of tracks of COLs
influence Western Cape precipitation, as well as finer details that can only be gauged
from a more area-focused study, are not available. This study also used data from 1979-
2010 which does not cover the present drought years and therefore it does not provide
an idea of whether COLs over the Western Cape were more or less frequent during this
drought event.

Singleton and Reason (2007) studied the variability of COL characteristics over Southern
Africa for the period 1973-2002. The authors divided Southern Africa into regions and
presented seasonal and annual frequency distributions. One of the areas included the
Western Cape and south coast regions. This area had the highest frequency of COLs, it
showed its highest frequencies occurring during spring and the least during winter. The

author also found that the yearly frequencies of COLs suggested a relationship between
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semi-annual oscillation (SAO) and wave 3 index. Clearly the Western Cape region has a
high frequency of COLs and therefore understanding specifically how these systems
influence the Western Cape precipitation and how their occurrences might change is
important. Furthermore, the authors identified the COLs at the 300hPa level and as
mentioned in section 2.1 this may not be the best choice of level. Engelbrecht et al.
(2013) also found a local maximum occurrence of closed lows (which include COLSs), at
the 500hPa level, off the south west coast, but they also found that this region would
experience fewer closed lows in the future (2070-2100). A better understanding of how
these lows influence the regional precipitation will help us understand what this could
mean for the future. The Western Cape coast is one of the hot spots for COL occurrence,
however no study has focused on how COLs influence the Western Cape. Therefore, the
present study will improve knowledge on the climatology of COLs lows influencing the
Western Cape region, with specific interest in understanding if there are any differences

in COLs seen during the region’s recent drought.

2.3 COLs and Precipitation

Many studies have investigated COL precipitation from region to region (e.g. Porcu et al.
2007; Hu et al., 2010; Abatzoglou, 2016; Portmann et al., 2018). Since COL precipitation
is dependent on many factors such as the terrain, the moisture sources, and the
seasonality of the systems, regional studies are necessary in understanding COL
precipitation characteristics over a particular area. The previous studies on COL
precipitation generally fall into two main types: regional climatological studies and case
studies. Regional climatological studies mainly focus on the precipitation statistics, such
as seasonality and percentage contribution to that specific region which means that these
studies are very specific to that region. For example, Hu et al. (2010) studied the
contribution of COL precipitation over Northeast China and Abatzoglou (2016) studied the
contribution and correlation of COL precipitation to the overall precipitation in the United
States. In a regional climatological study, Porcu et al. (2007) studied the relationships
between COL precipitation and vertical structure over the Mediterranean and found that
vertical structure was important for precipitation. Their results showed that COLs with a

well-developed vertical structure produced more intense precipitation. In a case study,
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Portmann et al. (2018) examined the vertical structure of potential vorticity in two COLs
and found that under the right baroclinic conditions and low level moisture COLs can
produce large-scale ascent similar to that seen in mid-latitude cyclones. Over the Andes,
Garreaud and Fuenzalida (2006) found that in a case study of a COL, the Andes helped
to maintain the vertical ascent seen within the COL. Along with their climatology study,
Hu et al. (2010) also examined three COL case studies and found that the main reason
for more rainy COLs was the moisture source from the summer monsoon current. While
these case studies provide some information about what is favourable for rain there is still
a dearth of information on why COLs produce certain precipitation patterns and amounts.
In other words, why do some COLSs produce heavy precipitation while others produce little

or no precipitation? The present study will improve knowledge in that area.

Few studies have explored COL precipitation over the Western Cape. Singleton and
Reason (2007) explored characteristics of COLs over different regions of South Africa,
focusing on COL size, duration, location, and frequency but not the associated
precipitation. The authors found that generally the region around the Western Cape
experiences 4-5 COLs a year. However, how many COLs actually bring precipitation and
the type of precipitation they generally bring to the Western Cape is unknown. Favre et
al. (2013) studied the contribution of COLs to South African precipitation and found that
COLs contribute about 15% to the annual precipitation of the Western Cape, with higher
percentages experienced over the eastern part of the province, and during the summer
and spring months. However, the study did not explore the different types of precipitation
patterns that COLs may bring to the Western Cape and the dynamics of these COLs.
Molekwa et al. (2014) examined low, medium, to high precipitation producing COL
systems over the Eastern Cape province of South Africa. This area lies to the east of the
Western Cape and is generally seen as an all-year rainfall region and therefore is not
always the best representation of the winter rainfall dominated province. The authors
found that the precipitation type was influenced by the depth of the COL and certain
surface conditions. However, they only considered low, medium, and high precipitation

as three different precipitation patterns and did not explore the variations in precipitation
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patterns within these three categories. Therefore, there is a need for more studies on

COL precipitation patterns and the frequency and dynamics of the precipitation patterns.

2.4 The Western Cape Droughts and COLs

Previous studies have investigated the cause of droughts over the Western Cape (e.qg.
Reason and Rouault, 2005; Sousa et al., 2018; Mahlalela et al., 2018; Otto et al., 2018).
Some studies (Sousa et al., 2018; Mahlalela et al., 2018) showed that the 2015-2017
drought, in particular, was caused by a southward shift of the mid-latitude jet and storm
tracks that controls the Western Cape precipitation. The southward shift was due to an
expansion of the subtropical anticyclones to the mid-latitudes and a southward shift in
atmospheric rivers, leading to a decrease in important moisture transport (Sousa et al.,
2018). Some studies projected more frequent and more intense droughts over the
Western Cape, because global warming would also lead to the expansion of the Hadley
cell and a southward shift in storm tracks (Engelbrecht et al., 2009; Abiodun et al., 2018;
Naik and Abiodun, 2019). However, Western Cape precipitation is a product of many
atmospheric processes. Since the Hadley Cell expansion (or southward shift of the mid-
latitude jet) may have different influences on processes, there is a need to study the
relative contribution of each process to the Western Cape annual precipitation and

understand the factors influencing the contribution.

How these processes influence COLs during the drought over the Western Cape is still
unclear. However, studies have shown that changes in jet position can affect the
occurrence of COLs (Nieto et al., 2007; Ndarana and Waugh, 2010; Favre et al., 2012).
COLs are associated with weaker jets and higher amplitude Rossby waves (Ndarana and
Waugh, 2010; Francis and Vavrus, 2012). This process can be explained through wave
breaking. Stronger polar and subtropical jets restrict the growth of waves into higher
amplitudes which thus reduces wave breaking (Ndarana and Waugh, 2010). Ndarana and
Waugh (2010) studied the link between Rossby wave breaking and COLs over the
southern hemisphere and found that 89% of COLs over the southern hemisphere are
associated with Rossby wave breaking events. Through this lens the seasonal variability

in COLs can be explained over the southern hemisphere. Ndarana and Waugh (2010)
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found that the sub-tropical jet is less effective at inhibiting COLs at the 250hPa level than
the 500hPa level whilst the polar front jet effects 500hPa COLs more than 250hPa level
COLs. Sousa et al. (2018) showed that during the 2015-2017 drought the polar front jet
was displaced southward which indicates that this would have a positive impact on COL
formation. Previous studies have shown that the abundance of precipitation from COLs
can provide much-needed relief during droughts. For example, Risbey et al. (2009) found
that, during the positive phase of the southern annular mode, there is a decrease in
precipitation over southeastern Australia because of the southward shift in storm tracks
over the region, but COL precipitation fortunately minimises the impact of such reduction
in precipitation. Brown et al. (2009) showed that the heavy precipitation from COL events
could mask the drying signal associated with El Nifio years over Australia. However, no
study has explored whether COLs were in fact more numerous during this drought period
or whether there were other signals at play as well. The present study aims to answer this

guestion.

To add to this, little is known about the moisture sources for COLs over the Western Cape.
Sousa et al. (2018) found that the southward expansion of the sub-tropical anticyclones
weakened the remote moisture sources and atmospheric rivers which led to a southward
shift of moisture transport. Therefore, it is unclear whether an increase in COL formation
would even have led to more COL precipitation. The present study explores whether COL
precipitation was in fact greater than normal during this period as well as what moisture

sources are important for COL precipitation over the Western Cape.

2.5 Simulating COLs over South Africa

Most studies on COL simulations over the Western Cape are based on analysis of global
climate models (GCMs) or reanalysis datasets (Singleton and Reason, 2007b; Favre et
al., 2013). While resolution of the GCM simulations can resolve the spatial structure of
COLs, it may not capture the influence of the Western Cape’s complex topography (i.e.,
the mountains, coastlines, and sharp gradients between the warm Agulhas current and
the cold Benguela current on COLs (Engelbrecht et al., 2013; Mahlalela et al., 2018). For

example, Abiodun et al. (2016) showed that the warm Agulhas current (the width of which
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is less than 100 km) plays a crucial role in the precipitation intensity of COLs. However,
running GCMs (in climate mode) at a high simulation to resolve the complex topography
is too computationally expensive, especially for developing countries. Hence, RCMs and
VGCMs offer alternative methods of incorporating the influence of complex topography
on simulated COLs. While the capability of RCMs in reproducing the characteristics of
COLs have been well documented (Singleton and Reason, 2007a; Abiodun et al., 2016),
little is known on how well VGCMs can reproduce them. Engelbrecht et al. (2013) applied
a VGCM to study closed lows over Southern Africa, but the study makes no distinction
between warm core lows and COLs (which are cold). Maoyi et al. (2018) also applied
VGCMs over Southern Africa, but their focus was on simulating tropical cyclones over the
south-western Indian Ocean. However, despite the above, there is still a dearth of
information on how well climate models, especially RCMs and VGCMs, can simulate the
characteristics of COLs and their associated precipitation patterns over the Western
Cape. The present study intends to fill this gap, evaluating the capability of two climate
models (an RCM and a VGCM) in simulating the characteristics of COLs over the Western
Cape.

2.6 The Effects of Topography on COLs

Studies have shown that the formation, track, intensity, and precipitation of COLs are
influenced by topography (Boyer and Chen 1988; Fuenzalida et al., 2005; Garreaud and
Fuenzalida, 2006; Reboita et al., 2010; Pinheiro et al., 2017). In climatological studies of
COLs over the southern hemisphere, Reboita et al. (2010) and Fuenzalida et al. (2005)
found a regional maximum in the occurrence of COL over the continental regions of
Australia, South America and Africa. This is in contrast with the formation of mid-latitude
cyclones which form more evenly across the southern hemisphere (Fuenzalida et al.,
2005). This indicates that the terrain of the continental regions influences the formation
of COLs. The authors suggest that the reason for this is that the jet streams are stronger
over oceanic regions and thus inhibit wave breaking. However, the role of topography in
the formation of COLs has not been thoroughly explored. Garreaud and Fuenzalida
(2006), performed a case study model sensitivity experiment where topography was

removed in the model. The authors found that by removing the topography the formation
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of the COL was unaffected. However, a single case study may not be sufficient to

conclude this result and this study aims to explore this further.

On the other hand, several studies have shown that the change in intensity and
dissipation of COLs can be linked to topography (Boyer and Chen, 1988; Smith et al.,
2002; Fuenzalida et al., 2005; Garreaud and Fuenzalida, 2006; Pinheiro et al., 2017).
Studying the climatology of COLs at the 500hPa level, Fuenzalida et al. (2005) found
regional minima in COLs frequency over the Andes summits, over regions of South
Africa’s plateau, the southern regions of the Australian Great Divide as well as during
some seasons over the New Zealand Alps. Smith et al. (2002) studying COLs over the
northern hemisphere at the 500hPa level also found a regional minimum in COL formation
over the Rocky Mountains. In a laboratory experiment Boyer and Chen (1988) modeled
cut-off low-like systems interacting with model mountains of the northern hemisphere and
found that COLs approaching the Rocky and Tibetan mountains were weakened as they
passed over the topography and then intensified in the lee of the mountains. This is similar
to what Pinheiro et al. (2017) found over the Andes. They found, in a southern
hemispheric 300hPa COL climatology study, that COLs during summer and autumn
dissipate over the Andes, whereas this is less evident during winter. The authors suggest
that COLs decay near the Andes due to the interaction between the COL and the
mountain wave. A weak COL will dissipate over the Andes but if the COL is strong it will
cross the Andes and can intensify. However, to add to this, Garreaud and Fuenzalida
(2006) found that the Andes did play a role in blocking warm, moist air from the interior,

and when the mountains were removed the COL decayed earlier and further west.

The influence of topography on the tracks of COLs is less studied. Climatological studies
have found that COL tracks are more likely to move easterly, with the background flow.
This has been found in southern hemispheric studies (Fuenzalida and Garreaud, 2005;
Pinheiro et al., 2017) as well as over different regions such as Australia (Qi et al., 1999)
and north-east China (Lu and Wang, 2010). While climatologically it is possible to find
some patterns in COL tracks, individual COL tracks can be erratic and often difficult to

forecast, and fewer studies have explored the effects topography may have on these.
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While Boyer and Chen (1988) in their laboratory experiment showed that different
mountains may induce different tracks as the movement of the COLs passing the Rocky
Mountains differ to those passing across the Tibetan Plateau, no study has looked at
different COL case studies and explored how their tracks may differ with different

topographic configurations. Therefore, the present study will fill the gap.

Only few studies have documented the relative influence of topography on COLs over
Southern Africa (Taljaard, 1985; Tennant, 1994; Singleton and Reason, 2006; Singleton
and Reason, 2007a; Favre et al., 2013). In a climatological study of COLs over South
Africa, Taljaard (1985) suggested that Southern African coastal mountains often cause
extreme precipitation when onshore winds from COLs advect moist air over them. In a
spatial distribution of COLs over Southern Africa, Favre et al. (2013) also found a local
maximum over the Orange River basin and attributed it to the lower altitudes. Tennant
(1994) performed a numerical modelling study of a COL event off the east coast of South
Africa. The COL was simulated with normal topography and removed topography.
Removing topography led to less intense precipitation associated with the COL. This was
due to the anticyclone being able to ridge further inland which pushed the surface low
further to the north east. The combined effect led to less surface convergence and
therefore a lack of extreme precipitation. In a similar study over East London, Singleton
and Reason (2006) attributed an inland extension of surface depression and precipitation
associated with a COL to the Drakensberg Mountains. They argued that the mountains
enhanced the extreme precipitation from COLs. In another study, Singleton and Reason
(2007a) simulated a COL off the south coast. In the simulation the surface heat fluxes led
to the low level depression associated with the COL whilst the topography blocked the
depression from moving further inland and led to orographic uplift. However, while all
numerical studies removed topography in their sensitivity experiment, none of the studies
looked at the different roles the eastern or western escarpment play on the COLs. Since
topography has the potential to weaken or intensify cyclolysis and influence precipitation
patterns as well as the tracks of the COL, it is important to understand how different parts

of Southern Africa’s topography may influence the COLs
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Chapter 3 : Data and Methodology

This chapter describes the methodology used for this study. It starts by describing the
data and models used and the simulations produced. The chapter goes on to explain how
the cut-off lows were identified, how their associated precipitation patterns were
characterised, how the models were assessed and how the influence of topography was

examined

3.1 Data

3.1.1 Observations

The observation precipitation data used in this study was obtained from three gridded
precipitation datasets, namely: the Climatic Research Unit (CRU TS4.20; Harris et al.,
2019), the Climate Prediction Center's (CPC) Gauge-Based Analysis of Global Daily
Precipitation (Xie et al., 2009) and the Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS; Funk et al.,, 2014). CRU interpolates monthly precipitation
anomalies from meteorological stations across the world onto a 0.5° X 0.5° grid and uses
an existing climatology to obtain monthly precipitation values for the period 1901-2017
(Harris et al., 2019). This dataset is generally considered to be one of the most reliable
observed gridded datasets for precipitation over South Africa because it is solely
interpolated from station data. However, its monthly temporal resolution is too low for this
study, which requires daily precipitation. CRU was used as a reference for evaluating
other datasets at monthly and annual scales. CPC interpolates daily precipitation values
from stations onto a 0.125° X 0.125° grid over all land areas. The daily precipitation
dataset is released on a 0.5° X 0.5° grid over the globe and is available from 1979 to the
present. CHIRPS combines in-situ station data with satellite data to create gridded

precipitation data from 1981 to 2007 with a 0.25° resolution. Zwart et al. (2018) showed
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that CHIRPS is one of the most reliable satellite datasets over Africa. To facilitate
comparison, all the precipitation datasets were regridded to a common horizontal
resolution (0.25° x 0.25°).

3.1.2 Reanalysis

The reanalysis data used for the study is the Climate Forecast System Reanalysis (CFSR;
Saha et al.,, 2010) data. CFSR is a coupled atmosphere-ocean-land surface-sea ice
system that produces precipitation data (among other variables) at a resolution of 0.5°,
from 1979 to the present at 6-hourly intervals, but we used daily mean CFSR precipitation
data in our study. Zhang et al. (2013) showed that CFSR is one of the best reanalysis
precipitation datasets over southern Africa; they attributed the good performance to the

high resolution and coupled ocean assimilation of the reanalysis.

The upper-air meteorological data was also obtained from CFSR. The data consists of
daily geopotential height, temperature, specific humidity, and wind (zonal and meridional
components), at standard pressure levels. Moist static energy and potential temperature
data were generated from the geopotential height, temperature and specific humidity. The
geopotential height and temperature variables, at 500 hPa and 300 hPa, were used to
identify the COLs, while all the upper-air data was used to describe the spatial and vertical

structure of the COLs as well as the atmosphere that induced the COLs.

3.1.3 Models

3.1.3.1 The Weather Research and Forecasting (WRF) model

The RCM used in this study is the Weather Research and Forecasting (WRF) model with
ARW core version 3.8.1 (Skamarock et al., 2008). The model uses a Eulerian mass
dynamical core with a terrain-following vertical coordinate. WRF is able to downscale
coarser models to high resolutions with fully compressible non-hydrostatic dynamics. For
further information refer to Skamarock et al. (2005). The Model was simulated using a
30km resolution. The parameterization schemes used were chosen because they have

shown merit in WRF simulations over Southern Africa in previous studies (Ratnam et al.,
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2012; Cretat et al., 2012; Ratna et al., 2014; Ratnam et al., 2016). The schemes used are
the Dudhia shortwave radiation scheme (Dudhia, 1989), the RRTM scheme for longwave
radiation (Mlawer et al. 1997), the WRF single-moment 3-class (WSM3) microphysics
scheme (Hong et al. 2004), the Yonsei University (YSU) planetary boundary layer scheme
(Hong et al. 2006), and the Betts-Miller-—Janjic” cumulus parameterization scheme (Betts
and Miller 1986; Janjic” 1994).

Two different simulation sets were run using WRF. A long simulation and shorter

topographical sensitivity experiments.
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Figure 3.1: The study domain showing (a) a map of South Africa with the Western Cape highlighted and (b) the
topography (m) of the Western Cape. The blue box in panel (a) shows the area used in identifying COLs that may
influence the Western Cape. The Western Cape rainfall regions are designated as WRA (i.e., the winter rainfall region),
ARA (i.e., the all year rainfall region) and SRA (i.e., the late summer rainfall region). The location of the main dams in
the Western Cape are indicated with blue stars in panel (b). The domain and grid used in the MPAS simulation is shown
in panel (¢) and the WRF domain in panel (d).
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The long simulation was run and analysed to test how well WRF could simulate the
characteristics of COLs over the Western Cape and to compare its performance to the
VGCM, WRF was run for the period 2007 — 2017, using a 30 km resolution over the
Southern African domain (indicated in Fig. 3.1d). 30 km was chosen for comparison with
the finer scale of the VGCM simulation. The model was initialised and forced at the
boundaries with the same initial condition data as the VGCM i.e. using CFSR. The CFSR
sea surface temperature (SST) data was also used to update the SSTs every six hours
in WRF.

Short sensitivity experiments were run to examine the sensitivity of COLs to topography.
The same configuration for the long run was used for these experiments, with the
exception of the forcing data and the terrain. The terrain was changed for the sensitivity
experiments and the changes are detailed in section 3.2.5. For each experiment, an
ensemble of 20 simulations were performed with perturbed initial conditions. The
simulation domain is the same as in the long WRF simulation. All the simulations cover a
period of four months (March-June 2015). Three months of the simulations were
discarded for spin-up while the simulations for the last month (June 2015) were analysed
in this study. This month was chosen because it is the period COLs are most frequent

over the west coast.

An analysis dataset was used to force WRF in these short sensitivity experiments. The
analysis dataset is from the NCEP FNL (Final) Operational Global Analysis data
(Hereafter referred to as FNL). The analysis dataset uses the same model as the NCEP
Global Forecast System (GFS) but is updated an hour later to include more observed
data. FNL is updated with data from the Global Data Assimilation System (GDAS), which
continuously collects observational data from the Global Telecommunications System
(GTS) and other sources. The FNL dataset has a spatial resolution of a 1° x 1° degree
grid and a temporal resolution of 6 hours. We used this dataset to provide the initial and
boundary conditions for the model simulations. We used the standard surface data
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distributed with WRF, which uses the global digital elevation (GMTED2010, USGS

(2010)) dataset to represent topography, with a resolution of 30 arc-second.

3.1.3.2 The Model for Prediction across Scales (MPAS)

The VGCM used for this study was the Model for Prediction across Scales (MPAS)
version 6.1 (Heinzeller et al., 2016). MPAS was developed at the National Centre for
Atmospheric Research (NCAR). MPAS extends the techniques used to solve the non-
hydrostatic equations in WRF to a voronoi mesh grid, which includes C-staggering
(Skamarock et al.,, 2012). MPAS has also inherited a subset of the WRF’s
parameterisation schemes that are appropriate for a GCM (Heinzeller et al., 2016). MPAS
uses a hybrid vertical coordinate system, whilst WRF uses terrain following vertical
coordinates. The hybrid system reduces errors around steep topography (Heinzeller et
al., 2016; Kramer et al., 2018; Park et al., 2019); however, it is less easily coupled to the

boundary and surface layer parameterisation schemes (Kramer et al., 2018).

We ran MPAS from 2007 to 2017, using a variable grid of 100-25 km resolution with the
finest resolution centered to the west of Southern Africa (as shown in Fig. 3.1c). The
simulation was initialised with the CFSR dataset. The CFSR SST data was also used to
update the SST conditions at 6-hourly intervals. The physics options used in the MPAS
simulation were the MPAS mesoscale reference suite, which are the reference
parameterisation schemes for simulations with resolutions greater than 10 km. These
include the WRF single-moment 6-class microphysics scheme (WSM6), New Tiedtke
convective parameterisation, YSU PBL parameterisation, Monin-Obukhov surface layer
parameterisation, the Noah land surface model, and the Rapid Radiative Transfer Model
— GCM applications (RRTMG) longwave and shortwave radiation parameterisations.
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3.2 Methods

Table 3.1 summarises the experimental design and methodology used in the analysis for

each hypothesis, the following sections describe these methods in more detail.

Table 3.1: The experimental design for the study.

configurations

Hypothesis Data Used Period used | Analysis
Hypothesis 1: Changes [ Observed Satellite | 1981-2017 e |dentified the inter-annual
in characteristics of rainfall data and and spatial variability in
COLs (i.e. tracks CFSR Reanalysis COL occurrence over the
data Western Cape

frequency da”C.’ tfhﬁ e Identified different COL
associated rainfall) over rainfall patterns and
the Western Cape associated dynamics
contributes to the 2015- e Based on this examined
2017 drought in the the differences seen
province. during the drought
Hypothesis 2: The CFSR Reanalysis, | 2007-2017 e Explored whether the
characteristics of COLs | WRF simulation models were able to

the West C and MPAS capture the mean climate
over the Weslem Lape | gimylation of Southern Africa
can be reproduced by e Explored whether the
the Weather Research models were able to
and Forecasting (WRF simulate the

d the Model 9 ( ) characteristics identified

an ) ‘_3 ode from the hypothesis 1
Prediction Across Scales results
(MPAS) models.
Hypothesis 3: The GDAS Reanalysis, | June - e Compared the formation,
characteristic of COLs and multi- August tracks, rainfall and

South Africa i simulation 2015 dynamics of three COLs
F)ver ou fica s ensemble from for the different
influenced by the WREF, using topographic experiments
complex topography of | different
southern Africa. topographic
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3.2.1 Identification and Tracking of Cut-off Lows

We used an algorithm developed by Favre et al. (2012) to identify COLs over Southern
Africa, but with some modifications. Using daily upper-level geopotential height and
temperature data from CFSR as input, we identified COLs in two steps. First, we identified
potential COL centers by extracting all the local minima of geopotential height and
temperature at the upper level (i.e. 500 or 300 hPa level) over the domain. A local
minimum occurs in a grid point when the geopotential height or temperature values at
that point are lower than those at its surrounding eight grid points. The temperature
minima must be less than 265 K at the 500 hPa level (or 242 K at the 300 hPa). These
temperature thresholds were chosen based on looking at the temperature mean for the
entire period at the specific level, the mean temperatures of the tropics was used as a
threshold for each level so as to avoid identifying tropical lows. A center of minimum
geopotential height was retained as a possible COL center, if there was a temperature
minimum within an approximate radius of about 600 km from the center. This is because,
at 500 hPa, the temperature minima isotherms are not usually as well defined as the
minimum geopotential height isohypse (Favre et al., 2012).

Second, we refined the selected COL centers by ensuring that a COL center did not have
any weaker COL center within a radius of about 1450 km. Hence, for each potential COL
center, the algorithm eliminated all the weaker potential COL centers (i.e. with higher
pressure) within a 1450 km radius. This was done because small-scale variations in
pressure might be interpreted as several different COLs, although they belong to the
same COL. The remaining COL centers were retained and analysed for the study. Note
that we increased the radius for eliminating other weaker COL centers from 1200 km
(used in Favre et al., 2012) to 1450 km, because Singleton and Reason (2007b) showed
that some COLs can in fact have a larger radius than 1000 km. The choice of the 1450 km
radius was based on our manual inspection of two years of CFSR analysis, which also

confirmed the results of Singleton and Reason (2007b).
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For the topography sensitivity experiments we tracked the COLs. Once the lows were
identified we analysed each centre and if the centre the next day was within the COL
travel radius (150 km), then the centre was regarded as the same COL. This travel radius
was chosen as COLs are known to travel at speeds less than about 42-43km.h*
(Fuenzalida et al., 2005; Favre et al., 2012). And since the tracking was done with the
WREF simulations the grid resolution was 30km and the output time was 3 hours therefore
we used a rounded off travel distance of 150km per 3 hours. Any identified centre that did

not track for at least one day was not considered as a COL.

We tested the sensitivity of our COL statistics to the pressure level, by using the 300 hPa
and 500 hPa levels to identify the COLs. The results (Fig. 3.2) indicate that the spatial
distribution of COLs varies according to the atmospheric levels. For instance, the number
of COLs over the Western Cape is lower at the 300 hPa than at the 500 hPa level. In
addition, the distribution of COLs at 300 hPa does not feature the same COL peaks as
seen at the 500 hPa level. The peaks off the west coast, over the Western Cape and to
the north of the Western Cape have moved further south and east and show fewer COLs
than was identified at the 500 hPa level. This is consistent with the findings of Ndarana
and Waugh (2010) who studied COLs over the southern hemisphere and found that
between 0°E and 60°E, which includes the Western Cape, COLs occur more frequently
at the 500hPa level during winter and at the 250hPa level during summer. However, over
this region more winter COLs occur. This suggests that 500 hPa COLs are generally more
frequent over the Western Cape. Therefore, since we will be focusing on the Western

Cape, we will be using the 500 hPa level to identify the number of COL days.

Once we identified COL days over Southern Africa, we extracted only the COL days in
which the COL centers fell within a defined region around the Western Cape (shown in
Fig. 3.1 - the blue box). This region was used as it provided the best results for
characterising Western Cape precipitation, sensitivity to the area chosen was analysed
(see Fig. A1-A12) and this area was chosen based on these results. COLs that fell within

this region were then referred to as Western Cape COLs. Throughout our paper we refer
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to COL days as COLs. Therefore, in our analysis the results include all COL days of which

some may be part of the same COL.
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Figure 3.2: The spatial distribution of number of COL days over South Africa summed over the period 1981-2017
summed over 2.5° X 2.5° grid boxes for COLs identified at the 500hPa and those at the 300hPa level. The black square

shows the region for which we identified Western Cape COLs. The black outline shows the Western Cape Province.

3.2.2 COL Precipitation

We defined COL precipitation as the precipitation experienced over the Western Cape for
each COL day. While this assumes that all the precipitation is caused by the COL and
does not take into account other systems that may be influencing the precipitation on that
day, this assumption is not unfounded as COLs are synoptic scale systems and therefore
it is not a stretch to assume that on COL days the COL system will dominate the
conditions over the Western Cape. Therefore, COL precipitation is defined as the
precipitation experienced on the day of the COL over the Western Cape. The COL
precipitation contribution per year is calculated by summing the precipitation for each COL
day within that year and calculating what the percentage this precipitation makes up from

the overall precipitation for that year.
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3.2.3 Identifying Precipitation Patterns using SOMs

We used a self-organising Map (SOM) to group the spatial distribution of COL
precipitation into similar patterns. The SOM, a type of artificial neural network, allows for
the dimension reduction and clustering of data (Kohonen, 1990; Lennard and Hergerl,
2015). The data is reduced to archetypical points, called nodes, which are representative
of the multi-dimensional data space and its variance. In the context of weather data, these
nodes can be visualised and interpreted as the main distinct weather patterns or synoptic
types in the data (Lennard et al., 2013; Wolski et al., 2018). This is different to principal
component analysis which outputs patterns of variance which cannot be directly related
to physical synoptic types or patterns (Dyson, 2015). Liu et al (2006) compared the ability
of a SOM with an empirical orthogonal function in extracting four known pattern types in
a dataset. The authors found that SOMs was able to extract these four patterns whereas
EOF was not. The SOM groups similar patterns together and dissimilar patterns further
apart, which also helps to classify the underlying systems represented in the data. Since
one of our objectives is to understand the different types of precipitation patterns COLs
bring to the Western Cape, using a SOM is an appropriate method as it allows for direct

physical interpretation and has been shown to be proficient in identifying different pattern

types.

In our study, we used the SOM to classify our COL precipitation days into nine (3 X 3)
different patterns (nodes). Nine nodes were used because less than nine seemed to leave
out some of the important patterns and ended up grouping most of the patterns into a no
precipitation node. Using more than nine nodes leads to more nodes with the same
patterns. Hence nine nodes provide enough detail in the types of patterns. For our 3 X 3
SOM the overall frequency and the seasonal frequency of the occurrence of these nodes
were analysed, along with the average amount of precipitation per season for each node.
The change in frequency and amounts of precipitation during the drought years was
explored to understand whether certain types of COL precipitation patterns occurred less

frequently or produced less precipitation during those years.
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The dynamics associated with the different precipitation patterns were examined by
extracting a smaller set of COL days from each node and analysing composites of CFSR
geopotential height at the 500 hPa and 850 hPa level, wind at the 850 hPa level, and
integrated moisture flux convergence. The smaller set of COL days was selected to
consist of those days when all the COLs had centers within a defined region (13 — 17°E;
31 — 34.5°S). This was done to ensure that the composite signal would be clearer and
not clouded by a wider range of COL positions that might cause the averaging of the
dynamics to be difficult to interpret.

3.2.4 Evaluating the Ability of Models to Capture COL Characteristics

We evaluated the ability of the models in capturing COL characteristics by how well the
models were able to capture the general annual and seasonal climatology of the Western
Cape by comparing MPAS and WRF to CFSR and CHIRPS data. We then compared the
simulated and observed precipitation signals over the Western Cape and during the
drought years. Once we had examined the simulated precipitation signals we compared
the simulated spatial and temporal COL frequencies, during the 2007-2017 period as well
as specifically during the drought years, with observed.

To evaluate how well the models captured the frequency of the COL precipitation patterns
a second SOM was performed. The dataset for the SOM analysis consisted of a
combination of COL precipitation data from the CHIRPS, CFSR, WRF and MPAS
datasets. The results of the SOM classifications were further analysed to study the
contribution of each dataset to each SOM node, and the seasonal frequency of each node

was also examined.

To explore whether the models could capture the same differences between wet and dry
COLs as found for the reanalysis data. The horizontal and vertical structure of a wet and
dry COL for each dataset is compared. Each wet COL is extracted from the wettest node
in the SOMs and the dry COL from the driest node. It was difficult for us to find the same
date in each dataset for each wet and dry COL, but each COL has its center within the
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same defined region, (i.e., 32° — 36°S and 14° — 16°E). The horizontal structure of each
COL was explored by looking at the geopotential heights and wind vectors at 500hPa,
along with the geopotential height at 700hPa and vertically integrated moisture flux and
moisture flux convergence. The vertical structure of the dry and wet COLs was compared
by plotting zonal temperature and geopotential height anomalies as well as zonal and

vertical wind vectors, moist static energy and specific humidity values.

3.2.5 Examining the Influence of Topography

We used WRF to perform four experiments over Southern Africa. The model set-ups for
the four experiments are the same, except for the terrain configuration. The model used
real southern African topography in the first experiment (hereafter, CONTROL,; Fig. 3.3a),
flat terrain (i.e. no topography) in the second experiment (hereafter, NoTOPO; Fig. 3.3b),
real western topography (i.e. flat terrain east of 24°E) in the third experiment (hereatfter,
WTOPO; Fig. 3.3c) and real eastern topography (i.e. flat terrain west of 24°E) in the fourth
experiment (hereafter, ETOPO; Fig. 3.3d). The eastern topography in the WTOPO
experiment was removed by doing the following across each latitude: Firstly testing if the
topography between 26°E and 40°E is greater than the 10th percentile of Southern Africa
topography, if it is then the topography is reduced by 90% and between 24°E and 26°E
is reduced by 50%. This creates flat-like terrain after 26°E and a slope area between 24°E
and 26°E where the topography is reduced less. To make the progression between the
real topography and the flattened topography smooth and more realistic the slope zone
is altered by reducing the topography by increasing percentages. This method created
satisfactory and realistic slopes between the flattened and existing terrain, this was tested
by visually looking at the height of the topography at each latitude. The same method was
used for the WTOPO experiment, only topography between 14°E and 22°E was flattened
and a slope was created between 22°E and 24°E. For the NOTOPO experiment the

topography was flattened to the 10th percentile if it was greater than the percentile value.

As stated in section 3.1.3.1, for each experiment, an ensemble of 20 simulations were

performed with perturbed initial conditions. In each simulation, three COLs (called COL1,
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COL2 and COL3) were identified and studied. To examine the influence of topography,
the COL characteristics in the four experiments are compared. The comparison focused

on COL initiation, track, precipitation and vertical structure.
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Figure 3.3: The topography (shaded; m) in each topography sensitivity experiment: a) the control experiment
(CONTROL; default topography); b) No topography experiment (NoTOPO), ¢) West topography experiment (WTOPO),
and d) East topography experiment (ETOPO).

39



Chapter 4 . Characteristics of cut-off lows over the

Western Cape

This chapter presents and discusses the results of our analysis on understanding the
characteristics of COLs over the Western Cape. In this chapter the discrepancies
between the observed data is discussed. The spatial and temporal variation in COL
frequency is analysed along with the associated precipitation. The different COL
precipitation patterns are discussed and the frequency and dynamics of these patterns is

explored.

4.1 The Spatio-temporal Variation of Precipitation over the Western

Cape

There is good agreement among the four datasets regarding the spatio-temporal variation
of precipitation in the Western Cape (Fig. 4.1). In terms of the spatial variation (Fig. 4.1 a
- d), the correlation between the datasets is very high (r > 0.8). All the datasets feature
dry conditions in the interior and wet conditions along the south coast, with precipitation
peaks over the west coast and over the Cape Fold Mountains, where most of the Western
Cape’s dams are located (Fig. 3.1; Blamey et al., 2018). However, the magnitude of the
precipitation peaks varies among the datasets. While the peaks are more than 980 mm
year?! in the CRU observations, they are less than 500 mm year in the CPC dataset.
Among the satellite and reanalysis products, CHIRPS features the best agreement with
the CRU observations. With the temporal variation (Fig. 4.1e — h), all the datasets agree
that the province can be divided into three areas, based on the annual precipitation cycle.
While the first area (the winter rainfall area; WRA) receives the maximum precipitation
(45-50 mm month-t) during the winter, the second area (the summer rainfall area; SRA)

experiences the maximum precipitation (25-30 mm month) in the summer, and the third
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area (the all-year rainfall area; ARA) receives almost the same amount of precipitation
(35-40 mm montht) throughout the year. However, the average precipitation over the
Western Cape shows the maximum precipitation in winter, because WRA precipitation is
higher than ARA and SRA precipitation. The inter-annual variability of precipitation over
the province is high (Fig. 4.1i), with the standard deviation ranging from 41 mm year (in
CHIRPS) to 53 mm year? (in CPC), 58 mm year (in CRU), and 59 mm year? (in CFSR).
The correlation between the CRU observations and the precipitation products on the inter-
annual variability is up to 0.89 in CHIRPS but less than 0.5 in CFSR.

All the datasets agree that drought was a prominent feature in 2015-2017. They show
that during the drought years the driest conditions throughout the study period occurred
(Fig. 4.1). While this study period is limited to 1981-2017, Otto et al., (2018) state that the
drought has an occurrence probability of 1 in about 150 years, which shows the long-term
extremeness of the drought that extends beyond the restrictions of our study period. The
datasets furthermore indicate that the intensity and spatial coverage of the drought
increased over the three years (Figs. 4.2 and 4.3). For instance, in the CRU observations,
the maximum precipitation deficit (about 100 mm) was limited to the WRA in 2015 (Fig.
4.2a) but covered the entire Western Cape in 2017 (Fig. 4.2i), when the province as a
whole experienced the lowest precipitation (within the study period of 1981-2017). In
addition, the drought did not affect the winter rainfall in 2015 but did affect it in 2017 (Fig.
4.3a and 4.3i). The major discrepancy between CRU and the other datasets is with CFSR
in 2016 (r = -0.26; Fig. 4.2h), when CFSR indicates a precipitation surplus over the south-
western tip of the province, whereas CRU indicates a precipitation deficit. The best
agreement is with CHIRPS in 2017 (r = 0.74; Fig. 4.2j). The discrepancy between the
precipitation products and CRU can be attributed to many factors. It may be due to
deficiencies in the CRU dataset. For instance, Dieppois et al. (2016) show that the number
of rain gauges in the Western Cape that are used in generating the CRU dataset has
dropped to four since 2000. Mahlalela et al. (2018) reported a precipitation surplus over
the south coast in 2015, which agrees with the annual drought severity map for 2015 that
was published by the Agricultural Research Council in their December monthly UMLINDI
newsletter (UMLINDI, 2015). While this can also be seen in the results of the other
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observation and reanalysis products (Fig. 4.2b — d), it contradicts the CRU results which
shows a precipitation deficit over this region. The discrepancy may also be due to the
differences in resolution (spatial and temporal) of the precipitation products, or due to
inadequacies in the precipitation parameterisation schemes in CFSR. However, given
that the CHIRPS results have the best correlation with CRU, and shows comparable
drought results with Mahlalela et al. (2018) and the UMLINDI newsletter over the
province, we will be using CHIRPS precipitation for the rest of the study.
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Figure 4.1: The spatial-temporal variation of precipitation over the Western Cape, as depicted by observations (CRU,
CHIRPS and CPC) and reanalysis (CFSR) datasets. The top panels (a-d) show the annual precipitation amount
(mm.year-1), the middle panels present the annual cycle of the precipitation (mm.month-1) for the whole Western Cape
Province (WCP), the winter rainfall area (WRA), the all-year rainfall area (ARA) and the late-summer rainfall area (SRA),
while the bottom panel (i) shows the inter-annual variability of the annual precipitation anomalies. The correlation

between each dataset and the CRU is indicated in the brackets.
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Figure 4.2: The spatial distribution of precipitation anomalies during the three years of drought (2015, 2016 and 2017)
as in the observation datasets (CHIRPS, CPC, CRU) and reanalysis dataset (CFSR). The spatial correlation between
each dataset and CRU is indicated in the brackets.
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Figure 4.3 The intra-annual distribution of rainfall anomalies for the whole Western Cape Province (WCP; first column),
the winter rainfall area (WRA; second column), the all-year rainfall area (ARA,; third column) and the late-summer rainfall
area (SRA, fourth column) during the three years of the drought (2015, 2016 and 2017), as depicted in the observation
(i.,e. CRU, CHIRPS and CPC) and reanalysis (CFSR) datasets. The correlation between each dataset and CRU is

indicated in the brackets.

4.2 The Spatio-temporal Variation of COLs

Fig. 4.4b shows that there are peak occurrences of COL days over regions around the
Western Cape, and that the province experiences more COLs than most areas of South
Africa. Another preferential area is seen over the Drakensberg Mountains, but the
frequencies are less than those over the Western Cape and surrounds. This indicates
that COLs are more common to the west of the higher altitudes of the South African
plateau. Several studies have also reported preferential areas in COLs west of
mountainous regions (or continents). For example, Pinheiro et al. (2017) found a COL
preferential area west of the Andes while Fuenzalida et al., 2005 showed a peak to the

west of the Rockys (Fuenzalida et al., 2005). The peak in COL occurrence over the
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Western Cape and surrounds can also be linked to the peak in Rossby wave breaking
over the same area (Ndarana and Waugh, 2011), as COLs usually form from Rossby
wave breaking (Favre et al., 2013). Singleton and Reason (2007b) along with Favre et al.
(2013) also found the highest number of COLs over surrounding regions of the Western
Cape, while Engelbrecht et al. (2013) also reported a peak in upper-level low pressure
activity over this area. Therefore, there is good agreement about the COL preferential
regions and while there are some differences between our results and previous studies

these are mainly due to differences in smoothing and resolution.

Table 4.1 shows that the province experiences the highest number of COLs in JJA (which
corresponds with the peak rainy season). This result contradicts the findings of Pinheiro
et al. (2017) and Singleton and Reason (2007b), who reported the highest number of
COLs in MAM. The discrepancy between these studies could be due to differences in the
levels used for COL identification. Both of these studies used the 300 hPa level to identify
the COLs, while our study used the 500 hPa level. COLs occur lower in the atmosphere
in the winter than they do in the summer (Ndarana and Waugh, 2010). This is because
jet streams inhibit wave breaking, which can reduce COL numbers. In winter, the sub-
tropical jet is further north, and because it occurs further up in the atmosphere it is more
likely to affect COLs at levels above 500 hPa. Which could explain why those previous
studies did not find a winter maximum like in our study. Conversely, at 500 hPa, COLs
are more influenced by the lower-lying polar front jet (PFJ), which lies further south during
winter, which explains the winter maximum in 500 hPa COLs. To corroborate this, studies
who identified COLs on the 500hPa level, also found that COLs occurred more frequently
off the west coast of South Africa in winter (Fuenzalida et al., 2005; Ndarana and Waugh,
2010; Reboita et al., 2010; Favre et al., 2012). Fuenzalida et al. (2005) found this winter
maximum to be unique to South Africa compared to other Southern Hemisphere COL

regions although this result is not as clear in other studies.

The number of COLs and their associated precipitation amount over the Western Cape
also varies from year to year (Fig. 4.4a). On average, the region experiences 10 COLs

per year, but with a standard deviation of 5 COLs. The annual variation ranges between
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-80% (in 1984) and 120% (in 1981) of the annual mean. Other COL studies, over different
regions, have also reported significant inter-annual variability in COL numbers. For
example, Pinheiro et al. (2017) reported a standard deviation of 6.7 COLs over Southern
Africa. Fuenzalida et al. (2005) reported a 50% variability over South Africa and found
that this region has the highest variability compared to the other southern hemispheric
regions due to less frequent occurrences of COLs. Our results show that, in addition to
the high variability of COL occurrence, a positive or negative anomaly in annual COL
occurrence can persist for years. For example, a negative COL anomaly persisted up to
five years in 2005-2009, and a negative COL anomaly persisted for six years in 1989-
1994. However, there is no statistically significant trend in COL numbers over the Western

Cape within the study period.

There is a strong correlation between annual COL frequency and COL precipitation (r =
0.81). For instance, the years with the highest COL numbers (e.g. 1981 and 1995) feature
the highest COL precipitation, while the years with the lowest COL numbers show the
lowest COL precipitation. However, there are years in which the anomalies in the COL
numbers and the COL precipitation are opposite (e.g. 1996, 2013), thus implying that
certain individual COLs can contribute more precipitation than others. The spatial
distribution of COL precipitation (Fig.4.4c) is similar to that of the Western Cape
precipitation pattern, showing low COL precipitation along the northern areas and high
COL precipitation along the southern coastal areas, but with the maximum COL
precipitation occurring over the eastern part of the ARA. The annual precipitation from
COLs decreases from about 100 mm in the far eastern parts of the ARA, to 60 mm over
the south coast, 45—60 mm along the Cape Fold Mountains and 15 mm ‘in the northern
parts of the Western Cape’. However, the average annual COL precipitation over the
whole province is about 34 mm year!, which is about 11% of the total annual precipitation

(316 mm year?) over the province.

The sign of the changes in COL occurrence and COL precipitation over the Western Cape
varied during the drought period (2015-2017; Fig. 4.4). In the first two years of the drought
(2015 and 2016), the province experienced above normal COL days (about 10%) and
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COL precipitation contribution (about 13-20%), but below normal (about -80% and -
100%, respectively) in 2017 (Fig. 4.4a). In 2015, above average precipitation was seen
across most of the WRA and ARA, and in 2016, while most parts of the province received
below average COL precipitation, the dam areas actually received above average COL
precipitation (Fig. 4.4c). In 2017, however, below average COL precipitation was
experienced across the entire province (Fig. 4.4c). This suggests that the precipitation
from COLs helped to minimise the intensity of the drought in 2015 and 2016, especially
over the WRA and ARA. However, the drastic drop in COL precipitation in 2017
contributed to the severity of the drought in the third year.

The spatial distribution of COLs during the drought period (Fig. 4.4b) shows that, in 2015
and 2016, there was an increase in COL frequency over the west and south coasts. In
2017, however, there was a decrease in COL occurrences over most of the region of
interest, and COLs were mainly seen further south of the Western Cape. Sousa et al.
(2018) have shown that, during the drought, there was a southward extension of the
South-Atlantic Anticyclone and a southward displacement of the jet stream, which led to
more southward storm tracks. Along with this, the expansion of the sub-tropical high
pressures strengthened the southward flow phase of the SALLJ (Sousa et al., 2018)
leading to less moisture being transported from South America to Southern Africa.
Atmospheric rivers were also shifted further south and thus two of the three major
moisture sources for Western Cape winter rainfall, discussed in section 3, were
decreased. On the other hand the shift in the PFJ explains why we see more COLSs in
2015-2016; the PFJ is known to inhibit wave breaking at the 500 hPa level and hence, a
southward shift of the jet allows for more wave breaking to occur over the region, in turn
leading to enhanced COL formation (Ndarana and Waugh., 2010). Interestingly, despite
these shifts in moisture during the period we see above average COL precipitation over
the WRA and ARA during these years. This indicates that atmospheric rivers and
moisture transported off South America is not the only important moisture source for COL
systems over the Western Cape. This shall be explored further in the following sections.

In 2017, however, we see fewer COLs, and below average COL precipitation across the
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province, despite the poleward shift of the PFJ, suggesting that there may have been
dynamically distinct processes at play in 2017 compared to 2015-2016.
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Figure 4.4: Panel (a): The plots show the yearly anomalies of COL numbers and COL precipitation calculated from the
yearly mean for 1981-2017 over the Western Cape. The anomalies are represented in percentages. The plot also
shows the yearly percentage contribution of COL precipitation to the overall annual precipitation of the Western Cape.
The mean value for each variable is indicated in brackets in the key along with the standard deviation. rc shows the
correlation between the COL numbers and precipitation contribution while rr indicates the correlation between COL
numbers and COL precipitation. Panel (b): Climatology of the spatial pattern of COL days per year (1981-2017)
summed over 2.5° X 2.5° grid boxes, along with the anomalies from this climatology for each of the drought years 2015,
2016 and 2017. The black square shows the region for which we identified Western Cape COLs. Panel (c): The spatial
pattern of the climatology of COL precipitation per year (1981-2017), along with the anomalies from this climatology for
each drought year 2015, 2016 and 2017.
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Table 4.1: The average number of COL days occurring per year, per season and for each of the

drought years.

Annual Summer Autumn Winter Spring
Average no. 9.8 1.5 2.8 3.1 24
of COLs.
2015 11.0 0.0 2.0 8.0 1.0
2016 13.0 3.0 5.0 5.0 0.0
2017 3.0 2.0 0.0 0.0 1.0
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4.3 Patterns of COL Precipitation

The SOM analysis reveals that the spatial distribution of COL precipitation can be
generally classified into four major patterns (Fig. 4.5), namely: NORP (no precipitation
over the Western Cape); SERP (precipitation only over the south-east coast); WCRP
(precipitation over only the west), and AORP (precipitation over most parts of the Western
Cape). The first pattern (NORP; Node 9) features little or no precipitation over the entire
Western Cape. This is the most dominant pattern, which accounts for 46% of COL
occurrences over the region, this suggests that about 46% of COLs over the province
produce little or no precipitation. This type of COL is quite deceptive, especially with
forecasts from the South African Weather Service (SAWS) that often issue extreme
precipitation warnings over the Western Cape whenever a COL is approaching the
province. An example of such cases occurred in 2017, when in response to a SAWS
forecast, the residents of the City of Cape Town prepared for an extreme precipitation
event from a COL, with great expectations that it would provide relief from the severe
drought. But it was a big disappointment, because the COL produced little precipitation
(< 5 mm day?), even though it was characterised by strong winds and heavy clouds, as
with any other COL. The atmospheric condition for NORP will be discussed in the next
section. In contrast to NORP, the second pattern (AORP; Nodes 1, 2, 4 and 5) shows
heavy precipitation (> 5 mm day!) over most parts of the province, with peak precipitation
(up to 40 mm day!) occurring along the south coast. This pattern characterises about
22% of COLs over the province and shows the most widespread and intense precipitation
of all the grouped patterns. Node 1 shows the highest peak in precipitation, suggesting
that this COL precipitation pattern is responsible for heavy rain and floods in the region.
The other two patterns (WCRP and SERP) characterise COLs that produce precipitation
over only half of the province. While WRCP (Nodes 3 and 6; accounting for 15%) features
precipitation over the western part of the province (with a precipitation peak over the
WRA), SERP (Nodes 7 and 8; accounting for 17%) shows precipitation over the eastern
part of the province (with a precipitation peak over the SRA). However, given the location
of the Western Cape dams (Fig. 3.1), WRCP and AORP are the most important patterns
for the Western Cape water supply, as these are the patterns that lead to precipitation

over the dam areas.
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The COL nodes (occurrence and precipitation; Figs. 4.6 and 4.7) have no preference for
seasons, in that they can occur in any season. The only exception is Node 5, which does
not occur in SON. Nevertheless, Node 1 mostly features and produces its maximum
precipitation in MAM, Node 3 in JJA, and Node 6 in JJA (Figs. 4.6 and 4.7). In all seasons,
Node 1 produces more precipitation than any other node, except in SON, when Node 4
gives the highest precipitation. With regard to the inter-annual variability of the COL nodes
during the drought years, Fig. 4.6 reveals that some COL nodes occurred more frequently
than normal in 2015 and 2016, suggesting that the COLs reduced the drought intensity in
these two years. For instance, in 2015, Nodes 1, 3, 7 and 8 occurred more frequently
than usual (Fig. 4.7) and produced more than their average seasonal precipitation. A
comparison of our results with the SAWS synoptic maps? indicates that a Node 1 (an
example of AORP) COL produced heavy precipitation over most parts of the Western
Cape on 2 June 2015, and that a Node 3 (an example of WCRP) COL produced isolated
showers over the western parts of the province on 3 and 10 June 2015. In 2016, Nodes
1, 5 and 7 also occurred more frequently than normal and released more than their
average seasonal precipitation. A SAWS report? confirms that a Node 1 COL produced
showers across the country on 26 July 2016. In contrast, in 2017, all COL nodes (except
for Node 6) occurred less frequently and produced less than their average precipitation
in all seasons. Node 6 (which is known for producing little or no precipitation) occurred
more frequently in 2017, but only produced its normal seasonal precipitation. Hence, it
can be deduced that the precipitation-bearing COLs helped to alleviate the drought in
2015 and 2016, but not in 2017.

L http://www.weathersa.co.za//media/data/publications//20150602. pdf
2 http://www.weathersa.co.za//media/data/publications//20160727.pdf
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Figure 4.5: The SOM classification (3x3 nodes) of COL precipitation patterns over the Western Cape. The nodes are
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the node.
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4.4 The Composite of Atmospheric Conditions for the COL

precipitation Patterns

There are some notable differences in the atmospheric conditions associated with the
COLs in the various nodes (Figs. 4.8 and 4.9). For instance, in some nodes (i.e. Nodes
1, 4 and 7), COLs are associated with a strong pressure gradient, while other nodes
(Nodes 3 and 9) have a weaker pressure gradient. Also, in some nodes, the COL is
completely detached from the trough that produced it, while in others, it is still connected
to the trough, with a northward orientation (in Nodes 1 and 7), or a north-east orientation
(in Nodes 4, 5, 6 and 8), or a north-west orientation (in Nodes 2 and 3). Furthermore,
although all the nodes feature precipitation east of the COL, the precipitation area is part
of the COL’s cyclonic flow in Nodes 1-8 but not in Node 9. Looking at the evolution of a
node 1 and node 9 COL we can also see that the barotropic shear is weaker within a
node 9 COL compared to a node 1 COL (Fig A14-A13).

The COL cyclonic flow in Node 9 is dry, and this dryness may be attributed to various
factors. Firstly, the cyclonic flow is smaller and shallower than the other nodes. For
example, the meridional width of the COL is less than 6 degrees wide in Node 9, but more
than 10 degrees wide in Node 1. The low pressure center is about 5740 m in Node 9 and
5600 m in Node 1. This will influence the strength of the flow. Secondly, it seems that the
COL in Node 9 is in its dissipating phase, as evidenced by its weak pressure gradient and
its total detachment from the trough that generated it. Lastly, Node 9 lacks a well-
organised transport of low-level moisture from the tropics towards the Western Cape,
which is a prominent feature in all other nodes (Fig. 4.9). All the other nodes feature a
strong moisture convergence zone, where the tropical easterly winds from the Indian
Ocean meet the westerly flow from the Atlantic Ocean. This convergence belt acts as a
conveyor through which moist air is transported from the tropics to the eastern part of the
COL (i.e. over the Western Cape). In contrast, Node 9 features weak flows with weak
convergence over most parts of the continent, as well as southerly flow (which deflects to
the west) dominating over most parts of the Western Cape. As the southerly flow is usually

dry, moisture flux divergence and little or no rain conditions dominate over the province.
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Hence, the transport of moist air from the tropics to the Western Cape plays an important
role in COL precipitation over the province. Higher precipitation values are seen when
there is northerly moisture transport and strong convergence between this transport and
the surface low. The position of the surface low furthermore determines the precipitation
pattern. When the surface low circulation dominates the province, then more local
precipitation occurs from the low, thus re-circulating moisture into the region; however,

larger scale precipitation requires a northerly moisture input into the province.

The composite of the vertical structure of the wet and dry COLs (Nodes 1 and 9,
respectively) indicates that there are notable differences between the systems (Fig. 4.10).
Although both systems are cold-core lows, the dry COLs feature a weaker core than the
wet COLs, because the dry COL is associated with weaker temperature and pressure
gradients at all levels. For instance, at 500 hPa, while the core of the wet COLs is about
5°C colder and 100 m lower than its surroundings, the core of the dry COL is only about
2°C colder and 20 m lower than its surrounding. Hence, the dry COLs are weaker and
less organised than their wet counterparts. In agreement with the thermal wind
relationship, both wet and dry COLs strengthen with height, but the strengthening rate is
much weaker in the dry COLs than in the wet COLs; consequently, the dry COLs reach
a lower altitude than the wet COLs. The differences in the vertical structure of wet and
dry COLs can be linked to the thermodynamics of the atmospheric conditions that initiate
the COLs. Both systems form from a thermodynamic contrast between two air masses,
viz. a warm air-mass (to the east) and a cold air-mass (to the west), but the contrast is
higher for wet COLs than for dry COLs (Fig. 4.10). While the moist static energy of the
cold air mass is almost the same in both wet and dry COLs, the moist static energy (MSE)
of the warm air mass is lower in the dry COLs than in the wet COLs. For instance, within
20°E - 30°E, the MSE of the warm air mass is about 330 J kg (i.e. below 400 J kg?) in
the wet COL’s atmosphere, but less than 322 J kg in the dry COL’s atmosphere. This is
because the warm air mass is warmer and more humid than in the wet COL (i.e. 3°C and
8.0 g kg?) than in the dry COL. This is consistent with the presence of the southward
transport of warm and moist air from the tropics in Node 1 and the lack of such transport
in Node 9 (Fig. 4.10).
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As discussed in section 3, the Western Cape gets some of its moisture from the South-
East Atlantic and over South America which are transported via atmospheric rivers. The
2015-2017 drought decreased the transport of these moisture sources, however during
the first two years of the drought COLs showed above average occurrence and
precipitation. This indicates that these moisture sources may not be as important as they
are for cold front systems. Ramos et al. (2019) also found an important moisture source
for the Western Cape winter precipitation north of South Africa but were unsure whether
this moisture source was from cloud bands which occur in the early or late winter months
or from some other mechanism that occur throughout the winter months. Based on the
results from this study it is clear that moisture flux from the tropics is important for COL
precipitation and therefore COLs may be the mechanism behind this moisture source
found by Ramos et al. (2019). However, looking at moisture flux and its convergence
alone is not enough to conclude whether this is the case and therefore further study would

have to be conducted.
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Figure 4.10: The vertical structure of Node 1 (wet) and 9 (dry) COLs and the associated atmospheric conditions. Panels
(a) and (b) show the vertical cross section of zonal anomalies for temperature (shaded, °C) and geopotential height
(contour, m) with the associated zonal-vertical wind components (vectors). The thick vectors show wind vectors whose
speeds are greater than 10 m.s™, and the thin vectors show wind speeds less than 10 m.s™. Panels (c) and (d) show
the corresponding moist static energy (MSE; shaded, J.kg™?), potential temperature (black contour, °C) and specific
humidity (blue dash, x 10-3 kg.kg). Panels (e) and (f) show the associated zonal distribution of precipitation from
CHIRPS (red line) and CFSR (green line). All the values are averaged between 31.5° - 34.5° S (The area chosen in
Fig. 4.8 and 4.10).
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Chapter 5 : Simulating Cut-off Low Precipitation over

the Western Cape

This chapter evaluates the ability of the models in representing COLs over the Western
Cape. First it examines whether the models were able to capture the general precipitation
and synoptic feature over Southern Africa. We then discussed how well the models
represent the spatial and temporal signal of COLs and COL precipitation over the Western
Cape. The chapter then goes on to discuss whether the models were able to simulate the
different COL precipitation patterns and dynamics over the Western Cape.

5.1 Simulating precipitation and Synoptic Features over Southern

Africa
Figs. 5.1 and 5.2 show that both models (WRF and MPAS) correctly replicate the

essential features in precipitation and circulation fields over Southern Africa at annual and
seasonal scales. These features include the tropical precipitation peak within the
intertropical convergence zone (ITCZ) and the west-east precipitation gradient south of
20°S. The models furthermore agree with the observation and reanalysis datasets, viz.
that most areas of the sub-continent (except the Western Cape) experience their highest
precipitation in summer — December-January-February (DJF) — and the lowest in winter
— June-July-August (JJA), and that the reverse is the case over the Western Cape. For
both models, the pattern correlation (r) between the simulated data and the CHIRPS
observations is more than 0.5 for both seasonal and annual results. The models also
agree with the CFSR reanalysis on the positions of the high and low pressure systems
over the region. As in CFSR, the models show the transport of moisture from the Indian
Ocean (by the easterly flow) and the Atlantic Ocean (by the westerly flow) into the sub-
continent. The convergence of these moisture fluxes results in a southward transport of

tropical moist air over the region. In section 4.4 we discussed the importance of this
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southward transport of moisture to the formation of COL precipitation over the Western
Cape. Hence, it was found that both models realistically capture the synoptic drivers of

COL and regional precipitation over Southern Africa.

Nevertheless, there are substantial biases in the simulated precipitation fields (Fig. 5.2).
The magnitudes of the biases are generally larger in MPAS than in WRF. At the annual
scale, MPAS overestimates precipitation along the tropical temperate troughs (TTT)
band, i.e. precipitation and clouds that occur from tropical and extratropical synoptic
interaction (Hart et al., 2013), with the maximum wet bias located in the tropics (about 8
mm.day?!) and over the Drakensberg (about 6 mm.day?). In contrast, WRF
underestimates the precipitation amount over the entire subcontinent, with the maximum
dry bias (about -2 mm.day!) occurring in the northeastern parts of Southern Africa. Over
the Drakensberg, the WRF simulation shows an added value by offsetting the dry bias in
CFSR reanalysis, but MPAS overcorrects it with a wet bias. In the tropics, WRF corrects
the wet bias in CFSR (about 1 mm.day?) with a dry bias of about -1 mm.day, while
MPAS amplifies the wet bias (by 4-6 mm.day*). However, the magnitudes and signs of
these biases vary with the seasons. In MPAS, the magnitude of the tropical wet bias is
more than 10 mm.day? in the summer (DJF) but less than 2 mm.day™ in the winter,
whereas the bias over the Drakensberg is up to 8 mm day! in the summer (DJF) but less
than 2 mm.day! in the winter (JJA). In the summer (DJF), WRF features a wet bias (about
4 mm.day?) over the Drakensberg and over the eastern parts of the tropical area, but a
dry bias along the eastern coast. In other seasons, it shows a negative bias over the
whole tropical area. Nevertheless, the bias of both models over the Western Cape is very
small (<2 mm.day* during all seasons).

The biases in the simulated precipitation over Southern Africa can be linked to biases in
the simulated moisture flux over the region. The wet bias of the MPAS simulation in the
tropics and over the Drakensberg occurs because the model overestimates the moisture
transport from the north, leading to a stronger moisture convergence in the tropics and a
stronger southwards moisture transport into the sub-tropics than is the case in the

reanalysis. In contrast, the WRF simulation, which features a dry bias in the tropics, does
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so because the westward transport of moisture from the Indian Ocean into the sub-
continent deflects more northward in WRF than it does in CFSR, thus creating a dry bias
over the eastern tropical region. Like MPAS, WRF also shows a stronger southward
transport from the tropics than CFSR; however, this generally adds value, as it rectifies
the dry bias seen in CFSR. This is true except in summer, when the greater southwards

transport of moisture over the Drakensberg leads to a wet bias.
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Figure 5.1: The spatial distribution of precipitation (shaded, mm.day!), 700 hPa geopotential height (contours, m) and
700 hPa moisture vectors (arrows) for the annual climatology (panels a — d), as well as the DJF (Summer; panels e —
h), MAM (Autumn; panels i — ), JJA (Winter; panels m — p) and SON (Spring; panels g —t) climatology in 2007 — 2017,
as observed by CHIRPS and depicted by CFSR, MPAS, and WRF datasets. The correlation and RMSE between each
dataset and the CHIRPS observations is indicated in the brackets, respectively.
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Figure 5.2: Biases in the spatial distribution of precipitation (shaded and contours of 2 mm.day-') and 700hPa moisture

flux vectors (arrows, kg.m.s?) for annual climatology (panels a — c), as well as DJF (Summer; panels d — f), MAM

(Autumn; panels g — i), JJA (Winter; panels j — I) and SON (Spring; panels m — o) climatology produced by the CFSR,

MPAS, and WRF datasets. The CHIRPS observations are used as a reference for calculating the precipitation biases,

while CFSR is used to calculate the geopotential and wind biases.
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5.2 Spatio-temporal Variations in precipitation over the Western
Cape

The two models (MPAS and WRF) give a credible representation of the spatio-temporal
variation of precipitation over the Western Cape (Fig. 5.3). In agreement with CHIRPS,
they show wetter conditions along the coasts (and over the Cape Mountain Belt) and drier
conditions further north. The spatial correlation between the simulated and observed
precipitation is more than 0.6 for MPAS and 0.86 for WRF. The RMSE is less than 250mm
for MPAS and less than 75mm for WRF. Moreover, in general, they capture the annual
cycle of precipitation over the province. However, the simulated precipitation does have
some biases, the magnitudes of which are generally higher in MPAS than WRF. The most
notable bias in the MPAS simulation occurs over the eastern parts of the province (in the
summer rainfall area [SRA] and all year rainfall area [ARA]), where MPAS overestimates
the annual precipitation (CHIRPS: <600 mm.yearir; MPAS: >900 mm.year™) by more
than 300 mm.year! (Fig. 5.3). The overestimation, which occurs mainly in November to
March (Fig. 5.3g and h), is an extension of the wet bias over the Drakensberg in MPAS
(Fig. 5.2). The wet bias can be attributed to the stronger southward transport of tropical
moisture toward South Africa in the model (Fig. 5.2). However, MPAS gives a better
annual precipitation cycle than CFSR over the winter rainfall area (WRA), while WRF
gives an annual precipitation cycle that is comparable to the observations (CHIRPS) over
all the rainfall regimes (ARA, SRA and WRA). Over each of the rainfall regimes, the
correlation of the WRF annual precipitation cycle with the observed data is strong (r >
0.7), the RMSEs are all less than 20 mm.month-! and the bias is less than 20 mm.month-
1, In contrast, while the correlation between MPAS and the observed annual cycle is
strong over the WRA and the SRA (r > 0.7), it is weak over the ARA (r < 0.4) (Fig. 5.3).
The WRF simulation also performs better than MPAS at reproducing the inter-annual
variability of precipitation over the Western Cape. While the correlation between the WRF
and CHIRPS precipitation series is more than 0.6 (with a RMSE < 50 mm), the correlation
between the MPAS and CHIRPS precipitation series is less than 0.1 (RMSE > 60mm).
The worst discrepancy between MPAS and CHIRPS occurs in 2010 — 2012 and 2017. In
2010 and 2011, CHIRPS features a negative precipitation anomaly, but MPAS simulates
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a positive anomaly. The reverse is the case in 2012. Moreover, while CHIRPS shows a
negative precipitation anomaly for 2017, MPAS simulates a normal condition. In contrast,
the WRF annual precipitation anomalies agree with the CHIRPS observations in most
cases. The better performance of the WRF simulation in relation to MPAS may be
attributed to many reasons. Firstly, it may be due to the lateral boundary condition in WRF
(an RCM) and not in MPAS (a GCM). The forcing of the WRF simulation at the lateral
boundary with CFSR data could force the simulation towards the reanalysis values.
Secondly, the convective parameterisation scheme in WRF may be more realistic or
better tuned than that of MPAS.

The two models have different perspectives of the 2015 — 2017 drought over the Western
Cape (Figs. 5.4 and 5.5); overall, WRF performs better than MPAS in simulating the
drought characteristics. For example, in agreement with CHIRPS observations, WRF
shows that the drought persists for three years, with the largest water deficit in 2017,
whereas MPAS indicates that the drought only persists for the first two years (2015 —
2016) with normal precipitation in 2017 (Fig. 5.4i). However, in the spatial distribution of
the precipitation anomalies, both models feature their best agreement with CHIRPS in
2016 (r = 0.27, RMSE = 62 mm for MPAS and r = 0.57, RMSE = 53 mm for WRF) and
their worst disagreement in 2015 (r = -0.25 for MPAS, RMSE = 63 mm and r = 0.13,
RMSE = 54mm for WRF). In 2015, CHIRPS shows dry conditions over the WRA and wet
conditions over the ARA. This agrees with previous studies (UMLINDI, 2015; Mahlalela
et al., 2018), which showed wetter conditions over the ARA. WRF agrees with CHIRPS
observations over the WRA, but disagrees with it over the ARA; meanwhile, MPAS gives
an opposite pattern to CHIRPS. In 2016, all the datasets agree on dry conditions over the
ARA and over part of the WRA. In 2017, the datasets (except MPAS) agree that the
precipitation deficit covers most parts of the province and that the highest precipitation
deficit (>100% below normal) occurs over the WRA; in contrast, MPAS, the outlier,
simulates a precipitation surplus over most parts of the province, except over the western
part of the WRA, where it indicates a weak precipitation deficit. MPAS also struggles to

reproduce the monthly distribution of the anomalies as observed over each province
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during the drought (for MPAS, -0.38 <r < 0.71 and 19 < RMSE < 47, while for WRF, 0.25
<r<0.93 and 5 < RMSE < 28) (Fig. 5.5).
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Figure 5.3: The spatial-temporal variation of precipitation over Western Cape as observed by the CHIRPS observations
and depicted by the CFSR, MPAS and WRF datasets. Panels (a — d) show the annual precipitation amount (mm.
year?), the middle panels (e — h) present the annual cycle of precipitation (mm.month) for the whole Western Cape
Province (WCP), the winter rainfall area (WRA), the all year rainfall area (ARA) and the late summer rainfall area (SRA),
while the bottom panel (i) shows the inter-annual variability of the annual precipitation anomalies from the 2007-2017

climatology. The correlation and RMSE between each dataset and CHIRPS is indicated in brackets, respectively.
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Figure 5.4: The spatial distribution of precipitation anomalies during the three years of drought (2015 — 2017), as
observed by CHIRPS, and indicated by the CFSR, MPAS and WRF datasets. The correlation and RMSE between each

dataset and CHIRPS is indicated in brackets, respectively.
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Figure 5.5: The intra-annual distribution of precipitation anomalies during the three-year drought (2015 — 2017) over

the whole Western Cape Province (WCP), the winter rainfall area (WRA), the all year rainfall area (ARA) and the late
summer rainfall area (SRA), as observed by CHIRPS and indicated by CFSR, MPAS and WRF. The correlation and

RMSE between each dataset and CHIRPS is indicated in brackets, respectively.
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5.3 Spatio-temporal Variations of COLs and Associated

precipitation over the Western Cape

The two models (MPAS and WRF) agree with the CFSR reanalysis on the spatial
distribution of the COL frequency over South Africa (r > 0.5). In the climatological fields
(Fig. 5.6), the three datasets concur that the Western Cape is a hotspot for COL
occurrences, although the frequency of the COLs over the Western Cape and surrounds
is more pronounced in the simulations than in the reanalysis. This agrees with previous
studies (e.g., Singleton and Reason, 2007b; Ndarana and Waugh, 2010; Engelbrecht et
al., 2013; Favre et al., 2013). Given that COLs usually form from Rossby wave breaking,
the hotspot in COLs over the Western Cape agrees well with the peak in Rossby wave
breaking around the Western Cape (Ndarana and Waugh, 2010). The good agreement
between the simulated and reanalysis distribution of the COLs shows that the models are

correctly able to capture the dynamics behind COL formation over this area.

However, there are some discrepancies among the datasets on the inter-annual variability
of the COL frequency over the Western Cape, especially during the 2015 — 2017 droughts
(Fig. 5.6). For instance, in 2015, CFSR and MPAS feature positive anomalies (20% and
60% respectively), while WRF indicates a negative anomaly (-60% respectively);
however, there is better agreement between WRF and CFSR (r=0.37) on the spatial
distribution of the anomalies than between MPAS and CFSR (0.11). In 2016, WRF and
MPAS simulate negative anomalies (60% each), while CFSR indicates a positive anomaly
(40%); meanwhile, there is still a better agreement between WRF and CFSR (r = 0.30)
on the spatial distribution of anomalies than between MPAS and CFSR (r =0.02). In 2017,
while MPAS simulates a normal COL frequency, WRF and CFSR feature negative
anomalies, with a better agreement with the spatial distribution of the anomalies. In
general, with reference to CFSR, WRF gives a better representation of spatio-temporal
COLs over the Western Cape than MPAS does, possibly because the WRF simulation is
forced at the lateral boundaries with CFSR, while MPAS is not. Heinzeller et al. (2016)
compared the ability of MPAS and WRF to simulate the West African Monsoon. They
found that MPAS captured the timing of the onset better than WRF, but that MPAS
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overestimated the precipitation over the region. Similarly, Sakaguchi et al. (2016) found
that MPAS simulated excess precipitation within the region of grid refinement, especially
convective precipitation. This explains why MPAS overestimates precipitation over most
of tropical Southern Africa. Sakaguchi et al. (2016) found that the increased resolution in
MPAS influences the westerly jet and generally leads to a poleward shift in its position
within the grid refined region. The position of the grid refinement also has varying remote
effects on the westerly jet outside of the refined region. This may further indicate why our
WREF simulation outperforms MPAS in terms of COL frequency, as the westerly jet is

sensitive to the grid refined region.

With reference to the CHIRPS observations, both models (WRF and MPAS) give a
realistic climatology of COL precipitation over the Western Cape, but the WRF simulations
outperform those of MPAS (Figs. 5.6 and 5.7). The spatial correlation between the WRF
and CHIRPS climatology is about 0.85 (Fig. 5.7c), while the one between MPAS and
CHIRPS is less than 0.5 (Fig. 5.7d). The major shortcoming in the MPAS results is the
location of the maximum COL precipitation over the SRA instead of over the ARA. This
shortcoming is an extension of the MPAS wet bias over the Drakensberg (as discussed
in Section 3.2). However, both models struggle to reproduce the temporal variability in
COL precipitation, especially during the 2015 — 2017 drought period (Fig. 5.6b). The
correlation between the time series of the simulated and observed COL precipitation is
less than 0.25 for both models (r = 0.22 for WRF; r= -0.20 for MPAS). While WRF agrees
with the CHIRPS observations on the negative COL precipitation anomaly in 2017, it
disagrees with the observations on the positive anomalies in 2015 and 2016. Conversely,
MPAS agrees with CHIRPS on the positive COL precipitation anomaly in 2015 and
disagrees with the positive anomaly in 2016 and the negative anomaly in 2017. Therefore,
while the CHIRPS observations show that the positive anomalies in COL precipitation
reduce the drought intensity in the first two years (2015 and 2016), and while the negative
anomaly intensifies the drought intensity in 2017, WRF indicates that the negative COL
precipitation anomaly contributes to the drought over the three years, while MPAS
simulates that the negative COL anomaly only contributes to the drought in 2016. The

disagreement between the simulated and observed COL precipitation also features in the
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spatial distribution of the COL precipitation anomalies during the droughts (r < 0.47 and
RMSE > 18 mm). For instance, while CHIRPS shows that negative COL precipitation
anomalies cover the entire province in 2017, WRF and MPAS indicate that they only cover
parts of the province in 2017.

72



(a) CFSR WRF MPAS

32°s

Climatology

36°S

409K/s100 0 #

40°s
| O O A T |

e

3% “0.017) [ ] (0.019)
_ L.} (0.37) | A (0.11)

24°S

28°S
<2

325 0.08

20158

| UL UL

0.06

40°s

| I S T ) T |
| I Y T U o | 1

S P LT S L

— - — - — - -
© "] &/ ] oyl e o/ (B -
O  32°s . — - - -
N R s | L | I° 3
36°S | - (0.014) | (0.014) L H b

E - (0.3) |4 (0.015) -14-0.02 %

o

T T17TT | P CO G R A B N G P O | 17T T T T T T T T T TT1T |4
11 1 N O 1 U (N I I S RO | I R ] S

Z‘SE#\ . s \ i B e

™ 25 T = - [—-0.06
= =" .
= OS] o] e |
N 32°s = - < =
2 L i - | [ —0.08
36°S — — - (0013) - — (001'7) -
= - (0.32) |- - (0.0082} &4 _ 4
ST T T AT LTI T T T T T T T T T T 11 T T T T T T T T T T 11
10°€ 14°E 18°E 22°E 26°E 30°E 34°€  12°E 16°E 20°E 24°E 28 32°F 12°6 16°E 20°E 24°% 28°€ 32°F
120. 1 1 1 1 1 I 1 I 1 |
(b) CFSR(mean=10) CHIRPS(mean=33) —— WRF(mean =33
> - WRF(meon = 84, r=0.5?) - CFSR(mean=43 e MPAS(mean=51 -
g 80. — MPAS(mean=9.6, r=0.1 |
e - =
© 40. — —
© j -
o
s o -
< — —
°
O -40. - -
o
(o8 — —_—
-80. — -

T
2007.0 2009.0 2011.0 2013.0 2015.0 2017.0

Figure 5.6: Panel (a) shows the average spatial pattern of numbers of yearly COL days (1981 — 2017), along with the
COL anomalies of the number of COL days for each of the drought years (2015 — 2017). All the COL day-related spatial
patterns have been smoothed using 6-grid boxcar smoothing. The black square shows the region for which we identified
Western Cape COLs. The correlation and RMSE between the model results and that of CFSR are indicated in the
brackets. Panel (b) shows the percentage anomaly of COL numbers and COL precipitation, along with the percentage
of contribution of COL precipitation to the annual precipitation of the Western Cape for CFSR COLs and CHIRPS
precipitation, CFSR, MPAS and WRF. The correlation between the COL numbers in the model data and CFSR is
indicated by r.
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climatology during the three drought years (i.e., 2015 — 2017), as observed by CHIRPS and depicted by CFSR, MPAS
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5.4 Simulating the Major Patterns of COL precipitation over the

Western Cape

The SOM analysis shows that the COL precipitation distribution over the Western Cape
can be classified into four main patterns (Fig. 5.8). The first pattern (hereafter, AORP)
features precipitation over the entire province, but with a peak precipitation over the south
coast (Nodes 1, 2, 4 and 5); this pattern constitutes 25.3% of the dataset. The second
pattern (hereafter, WCRP — Nodes 3 and 6) shows the peak precipitation over the western
part of the province and accounts for 17.7% of the dataset. The third pattern (hereafter,
SERP — Nodes 7 and 8) features the peak precipitation over the eastern part of the
province and makes up 19.4% of the dataset. The fourth pattern (hereafter, NORP) shows
little or no precipitation over the whole province (i.e., Node 9) and accounts for 38% of
the dataset. These SOM patterns are similar to those obtained by in section 4.3 using
only CHIRPs data, which suggests that the addition of the simulated COL precipitation
distribution does not alter the grouping of the SOM results. In section 4.4 we discussed
the different synoptic circulations associated with each group pattern and showed that the
wet COL patterns (e.g. AORP) are associated with a stronger horizontal pressure gradient
and a more organised southward transport of tropical moisture toward the Western Cape
than the dry COL pattern (i.e., NORP).

Both models give good and comparable contributions of COL precipitation patterns (Fig.
5.8). Their percentage contributions to the SOM nodes compare well with the
observations in AORP (Nodes 1, 2, 3 and 4) and WCRP (Nodes 3 and 6). Nevertheless,
the models underestimate the frequency of NORP: each model only contributes 18% of
the pattern, while CHIRPS accounts for more than 38%. This suggests that their
convective schemes may be too sensitive in triggering convection from the weak
convergence provided by dry COL dynamics. It could also be that the simulated moisture
convergence is stronger than the observed. Unfortunately, it is difficult to diagnose this
further, because the CFSR reanalysis that could serve as a reference for the link between
the precipitation and moisture flux convergence also underestimates the frequency of

NORP by accounting for less than 26% of the pattern. In contrast, the models
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overestimate the frequency of node 8 in SERP where WRF contributes > 35% and MPAS
> 30% but CFSR accounts for < 25% and CHIRPS < 10%. MPAS also overestimates
node 7 in SERP (MPAS > 45%, CHIRPS < 25% and CFSR < 15%). The largest
contribution of the MPAS model to this pattern can be attributed to the extension of the
wet bias to the Western Cape (Fig. 5.2). Nevertheless, there is good agreement between
the models and the observations on the seasonal distribution of all the COL precipitation
patterns. For instance, they concur with the observations that, while each pattern can
occur in all the seasons, AORP is most frequent in September-October-November (SON),
WCRP is most frequent in JJA and NORP occurs more during March-April-May (MAM).
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Figure 5.8: The top panel shows the SOM classification (3x3 nodes) of COL precipitation patterns over the Western

Cape. The nodes are grouped into five main precipitation patterns: NORP (no precipitation over the Western Cape;

node 9); SERP (precipitation only over the south-east coast; nodes7 and 8); WCRP (precipitation only over the West

Coast; nodes 3 and 6), and AORP (precipitation over most parts of the Western Cape; nodes 1, 2, 4 and 5). The

percentage contribution of each node to the COL occurrence dataset is indicated in the node. The bottom panel shows

the percentage of the total number of nodes in each SOM node and season for the period 2007 —2017.
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5.5 Simulating the Structure of Wet and Dry COLs

To examine how well the models (MPAS and WRF) capture the structure of COLs, we
present the horizontal and vertical structures of three wet COLs (one from each dataset:
CFSR, MPAS and WRF) in Fig. 5.9 and three dry COLs in Fig. 5.10. To ensure a fair
comparison, all the selected wet COLs are from Node 1, while all the selected dry COLs
are from Node 9. In addition, the centers of all the selected COLs fall within a 2°x 2°
boxed area (i.e., 32° — 36° S and 14° — 16° E). However, within this boxed area, it was
difficult to obtain wet (or dry) COLs with the same dates in the three datasets. As a result,
the selected three wet (or dry) COLs all have different dates in the datasets.

The simulated wet COLs (WRF and MPAS) have a similar structure (horizontal and
vertical) as in the reanalysis (CFSR) (Fig. 5.9). In the horizontal structure (Figs. 5.9a —f),
the three datasets feature a synoptic-scale low pressure system (5660, 5650, 5690 m at
500 hPa for CFSR, WRF and MPAS, respectively), detached from the mid-latitude
westerly flow located south of the low. Associated with the low-pressure is a low-level
north-westerly flow, transporting moisture from the tropical Atlantic Ocean to most parts
of Southern Africa, specifically towards the Western Cape. Although there is another
transport of low-level moisture (by the north-easterly wind) from the Indian Ocean into the
continent, the moisture is directed towards the eastern part of South Africa and not
towards the Western Cape. However, the models and CFSR results agree that the
southward transport of tropical moisture (mainly from the tropical Atlantic Ocean) fuels
COL precipitation over the Western Cape. In the vertical structure (Fig. 5.9g — i), the three
datasets indicate that the low pressure is a cold-core system that tilts westward with
height. The coldest core (i.e., the largest zonal temperature anomaly: -10°C, -8°C and -
2°C in CFSR, WRF and MPAS, respectively) occurs at 500 hPa, while the deepest low
(i.e., the largest geopotential anomaly: -100m, -240m, -100m in CFSR, WRF and MPAS)
is at 250 hPa. All the datasets feature a warm moist air mass east of the cold core. This
warm air mass, which extends from the surface to the upper levels of the atmosphere, is
the moisture-laden tropical air from the tropical Atlantic Ocean towards the Western Cape.
The moist static energy (MSE) of the warm air mass is higher than that of the cold-core

air (especially below 500 hPa), meaning that the warm air mass is more buoyant than the
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cold air mass. Hence, at the interface, the warm air mass rises, while the cold-core air
mass sinks. This is evidenced by the upward wind vectors in the warm air mass and the
downward wind vectors in the cold air mass. All the datasets show that the rising of the
warm air mass at the interface is responsible for the COL precipitation east and south of

the low pressure center.

The models also agree with CFSR that, while the structures of the wet and dry COLs
have some features in common, there are notable differences between them (Figs. 5.9
and 5.10). For instance, in all three datasets, the dry COLs still feature the low pressure
system that is detached from the mid-latitude westerlies, and the associated north-
westerly flow still transports moist air from the tropical Atlantic Ocean towards the Western
Cape. However, the MSE of the tropical moist warm is lower in the dry COLs (< 3 J.kg*
at 700 hPa, for all the datasets) than in the wet COLs (> 4 J.kg* at 700 hPa, for all the
datasets). This is because the air mass is less warm and less moist in the dry COLs than
in the wet COLs. This implies that the tropical warm and moist air that fuels COL
precipitation over the Western Cape is less buoyant in dry COLs. This is evidenced by
the weaker horizontal temperature gradient between the warm and cold air masses (a -
2°C temperature anomaly in the cold air mass for all the models) and the shallower low
pressure center (-10m, -120m, -30m for CFSR, WRF and MPAS) in dry COLs. Hence,
the three datasets indicate that the dry COLs are weaker than the wet COLs, and that
they produce little or no precipitation over the Western Cape, because the tropical air
mass that fuels the COLs is colder and drier in the dry COL than in the wet COL. These
results align with our findings from section 4.4 and previous studies. In section 4.4 we
discussed the importance of the warm, moist air mass in the formation of COLs. Molekwa
et al. (2014), who classified COLs as low, medium or high precipitation inducing COLs
over the Eastern Cape of Southern Africa, found that the most important factors in this
classification are the surface conditions and the positions of the surface lows. This is
consistent with our results because the surface conditions over the sub-continent
influence the temperature and moisture of the warm moist tropical air mass, as it moves
towards the Western Cape. Porcu et al. (2007) similarly studied the vertical structure of

COLs over the Mediterranean and found that precipitation is determined by the surface
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low and the depth of the COLs, with deeper COLs producing more precipitation. This is
also evident in our model simulations, as the dry COLs all show a shallower low pressure

center.
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Figure 5.9: The horizontal and vertical structure of a wet COL as depicted by CFSR, WRF and MPAS. Panels (a — c)
show the horizontal distribution of the precipitation (shaded, mm.day) and 500 hPa geopotential height (contours, m),
while Panels (d — f) show the corresponding vertically integrated moisture flux (arrows), vertically integrated moisture
flux convergence (shaded) and 700 hPa geopotential height (contours). Panels (g —i) present the vertical cross-section
of zonal anomalies for temperature (shaded, °C) and geopotential height (contour, m) with the associated zonal-vertical
wind components (vectors). The thick vectors show wind vectors whose speeds are greater than 10 m.s, whereas the
thin vectors show wind speeds less than 10 m.s. Panels (j — I) show the corresponding moist static energy (MSE)
(shaded, J.kg™), potential temperature (black contour, °C) and specific humidity (blue dash, x10-3 kg.kg). Panels
(m — o) show the associated zonal distribution of precipitation. All the values are averaged between 30.4° and 34.8° S.
All the COLs are taken from Node 1 (in Fig. 5.8) and their centers fall within the area demarcated with the box indicated
in panels (a — c).
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Chapter 6 : The Influence of Topography on Cut-off

Lows over Southern Africa

This chapter explores the influence of topography on COLs over Southern Africa. The
chapter looks at the formation, track and precipitation of three different COLs in multi-
ensemble simulations and discusses how the topography sensitivity experiments
influence these characteristics. The vertical structure of a COL and the influence of

topography on this structure is also analysed.

6.1 Characteristics of COLs in the Control Experiment

There are some similarities in the characteristics of the three COLs identified in June
2015. The COLs feature a similar pattern in their tracks (Fig. 6.1). They all first travel in a
northerly direction, and then move in a south-easterly direction, before following an
easterly direction. This pattern could be due to the influence of the westerlies (i.e. the
waves and flow direction). This is in agreement with Favre et al. (2013), who show that
COLs move in an easterly direction over South Africa due to the background flow. Fig.
6.1 also shows that the three COLs have a similar response to the perturbation in the
initial conditions. For the three COLs, all the simulation ensemble members follow the
same general track pattern. This is also true for the precipitation (Fig. 6.2). While the
ensemble mean shows lower values of precipitation, the timing and peaks and dips in
precipitation amongst the ensemble members are generally similar (Fig. 6.2). This
indicates that the general track pattern and precipitation signal are robust, meaning that

it is not sensitive to the initial condition perturbation.

Despite the above similarities among the COLs, there are notable differences among
them regarding the location of their genesis, tracks and precipitation amounts. Firstly, all
three COLs have different genesis points (Fig. 6.1). While COL1 and COL2 originate over
the ocean, the formation of COL1 (i.e. at 15.64°E, 32.07067°S) occurs more than 518 km
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north-east of COL2 (i.e. at 10.14°E, -31.97°S). And, in contrast to these two COLs, COL3
forms over the continent. Secondly, the uncertainty in the genesis position (due to initial
condition perturbations) is higher for COL3 than for the other two COLs. This may be
because COL3 forms over the continent, while the other two (COL1 and COL2) form over
the Atlantic Ocean. The continental boundary layers are usually more unstable (and may
be more sensitive to initial condition perturbation) than the marine boundary layers.
Thirdly, the COLs differ in the extent of their meridional movement over the continent.
While the movement of COL1 and COL3 is mostly south-easterly over the continent, the
movement of COL2 is mostly easterly. COL1 shows the largest amounts of precipitation
compared to the other two COLs (Fig. 6.3), and its precipitation seems to peak towards
the end of its lifespan (Fig. 6.2). This is not surprising, as greater releases of latent heat
tend to dissipate COLs, which may be why the COL lifespan ends shortly after the peak
in precipitation (Pinheiro et al., 2017). COL3 produces less precipitation than COL1 but
its peak precipitation also occurs towards the end of its lifespan (Fig. 6.2). COL2, in
contrast, shows the lowest amount of precipitation, and its peak in precipitation occurs
towards the beginning of its track (Fig. 6.2). In terms of the ensemble spread, COL1, like
its track, shows less spread than the other two COLSs, thus indicating a system whose
precipitation is less sensitive to initial conditions (Fig. 6.2). Therefore, while the COLs do
show general similarities in their tracks, the differences in the regions of genesis, the
tracks, the precipitation signal and the influence of the initial conditions mean that it is

necessary to analyse each of the COL events in detalil.

The COL characteristics in WRF compare well with those in the driving dataset (FNL)
(Figs. 6.1 - 6.4). In both WRF and FNL datasets, the directions of COL movement with
the associated spatial distribution of synoptic temperature and precipitation are similar.
However, there are notable differences between the two datasets. In FNL the tracks of
COL2 and COL3 are located west of those simulated in WRF and the COLs do not travel
as far east as in the WRF simulations. This discrepancy may be related to the differences
in horizontal resolution or physics parameterization of the FNL and WRF models.

However, the discrepancy influences the spatial distribution of the COL precipitation in
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the datasets such that, in FNL, the peak of COL precipitation occurs west of that in the
WREF simulation (for both COL2 and COL3).
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Figure 6.1: The topography (shaded; m) and COL tracks (line) in each experiment: the control experiment (CONTROL;
default topography); No topography experiment (NoTOPO), West topography experiment (WTOPO), and East
topography experiment (ETOPO). The blue line shows the COL track for the individual simulations, while the black line
shows the COL track of the ensemble mean and the red line shows the track in the FNL data.
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Figure 6.2: The temporal evolution of the precipitation (mm.day*) from the COLs (i.e. COL1, COL2, and COL3) in the
four experiment (CONTROL, NoTOPO, WTOPO and ETOPO). The values are obtained by averaging the precipitation
(>0.1 mm.day?) over the grid points within a 20°° x 20° box around the COL center. The box has the same center with
the COL and moves with the COL. The blue line shows the precipitation for the individual simulations, while the black

line shows the ensemble mean and the red symbols shows the precipitation in the FNL data.
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6.2 Influence of Topography on the COLs

6.2.1 COL Origin

The changes in topography influence the origin of the simulated COLs, but the magnitude
of such influence differs (Fig. 6.1). For COL1 (Fig. 6.1a - d), the COL origin over the
Atlantic Ocean (around 15.6°E 32°S) remains unchanged in the CONTROL and WTOPO
experiment, but it shifts inland in the ETOPO experiment (around 15.6°E 32°S) and the
COL does not form at all in the NoTOPO experiment. This suggests that the topography
helps in the formation of COLL. In the case of COL2 (Fig. 6.1e - h), the influence of the
topography is weaker. While the origin of the COL changes with the modification in
topography, the magnitude of the change is smaller than that of COL1. In addition, COL2
still forms in the NoTOPO experiment. This indicates that changes in topography play
little or no role in the origin of COL2. In the case of COL3, the origin is over land in the
four experiments but in different locations. While the origin of COL3 appears to be at a
similar location in the CONTROL and NoTOPO experiments for more than half of the

simulations (52%), some ensemble members (48%), including the ensemble mean,
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indicate formation further east over the ocean in the NoTOPO experiments. In the
WTOPO experiment, a few (<30%) of the simulation ensemble members show the origin
of COL3 closer to the origin in the CONTROL experiment; however, most shift the origin
to the west coast, possibly because of the absence of the eastern topography in the
WTOPO experiment. In the ETOPO experiments, all the simulation ensemble members
initiate the COL3 at the sharp slope of the eastern topography. This suggests that the
presence of the eastern topography is essential for the formation of COL3 over the
continent. Hence, the influence of the topography on COL genesis is more pronounced
in the case of a COL that forms over or near the sub-continent (i.e. COL1 and COL3) than
for a COL that forms far away from the sub-continent (i.e. COL2). The dynamics behind

the initiation of the COLs near the mountain is explored further in Section 3.3.4.

Fig. 6.4 shows that the synoptic conditions could also determine the magnitude of the
topographic influence on the COL. For instance, in the CONTROL experiment, the
synoptic patterns associated with the COL formation are similar for COL1 and COL3 but
differ for COL2. The synoptic scale temperature and geopotential height gradient are
weaker in COL2 than in COL1 (and COL3); hence the synoptic wind is weaker in COL2,
but the size of the COL is bigger. Garreaud and Fuenzalida (2007) performed a
topography sensitivity experiment in a COL case study over South America, and found
that removing topography did not influence the formation of the COL. Instead, they found
that the elongated trough had stronger winds on the eastward side of the trough and
weaker winds on the westward side, with the ridge leading to winds that flow almost
perpendicularly to the trough. Garreaud and Fuenzalida (2007) argued that this
asymmetry in wind direction led to the cutting off of the trough. This may be why COL1
and COL3 did not form as easily, as the strong winds in the trough may not allow for as
much asymmetry, and therefore the topography is required to provide these conditions.
This suggests that the stronger wind makes the formation of COLs more difficult
(especially over the ocean), but that, as the system approaches the steep topography

over land, this provides additional forcing, which enhances the formation of the COLs.
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Figure 6.4: The 500hPa temperature (shaded), geopotential height (contour; m) and winds (arrow; m.s) on the starting
dates of COL1 (1 June 2015 06:00), COL2 (8 June 2015 06:00) and COL3 (26 June 2015 00:00) in the control
experiment (CONTROL). The corresponding plots for other experiments (NoTOPO, WTOPO and ETOPO) are also for

these dates, and the FNL data is included for comparison.

89



6.2.2 COL Track

The influence of topography on COL tracks also differs among the COLs (Fig. 6.1).
Nevertheless, in most cases, the COLs appear to deflect southward as they approach
steep topography. For example, in the CONTROL and WTOPO experiments, COL1 forms
over the ocean and moves northward, but shifts southward as it approaches the west
mountain range. In the ETOPO, it forms over land (near the eastern escarpment) and
shifts southwest as it moves over the eastern escarpment. This is also true for COL2 that
forms over the ocean in the four experiments. It moves southward as it approaches the
western topography (in the CONTROL and WTOPO experiments) or eastern topography
(in ETOPO experiment) but moves northward as it approaches the flat continent (in
NoTOPO experiment). Although the result is a bit complex with COL3, which forms over
the continent in all the experiments, the COL still exhibits a southward shift upstream of
the western topography (in the CONTROL and WTOPO experiments) and eastern
topography.

COL tracks are known for their erratic behaviour, however the sensitivity experiments
show that topography can influence these tracks. In a southern hemispheric COL
climatology study Fuenzalida et al. (2005) concluded that COLs in the South-American
region are perturbed by the Andes Mountains. They stated that upwind from the
mountains the COLs tracked North-eastward and on the lee side they tracked south-
eastward/eastward. However, these studies looked at the differences in direction from
the beginning of the track to the mid-point and the end of the track to the mid-point and
not necessarily the entire movement of the track. In which case our results generally
agree with those findings. In a fluid tank study, Boyer and Chen (1988) found that their
COLs blowing over a model of the Rocky Mountains tracked equatorward first and then
as the COL approached topography tracked polewards and then over the mountains
tracked more equatorward/easterly. This is what we see in most of our tracks. This
suggests that as COLs cut-off they may move northward, perhaps to do with some kind
of inertia effect, then as COLs encounter mountains, they can act as barriers steering the
COLs towards the poles and once this barrier is overcome, they generally flow eastward
with the background flow. While more in-depth studies are needed to fully conclude these
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effects, one can see that there are some general similarities in the influence of topography
on COL tracks.

6.2.3 COL Precipitation

The change in topography produces inconsistent changes in the temporal variation of the
precipitation from the COLSs, but it produces consistent changes in the spatial distribution
of the accumulated precipitation over the sub-continent during the COL periods (Figs. 6.2
and 6.3). In the case of COL1 and COL3, the evolution of the precipitation follows a similar
pattern in all the experiments, although the magnitude of the COL peak precipitation is
higher in the ETOPO and WTOPO experiments (about 20 mm.day?) than in the
CONTROL experiment (about 16 mm.day™?). In the case of COL2, the precipitation rate
remains the same over the COL duration in the four experiments. Nevertheless, Fig. 6.2
shows that, for all the COLs, the eastern and western topography have opposite
influences on the spatial distribution of precipitation over the sub-continent. The removal
of the western topography (i.e. in the ETOPO experiment) reduces the accumulated COL
precipitation over the western part of the sub-continent, while the removal of the eastern
topography (i.e. in the WTOPO experiment) increases the accumulated COL precipitation
over the western part of the sub-continent. This suggests that the presence of the western
topography promotes COL precipitation over the western areas of the sub-continent,
while the presence of the east topography hinders precipitation over the region. This is
consistent with the findings of Koseki and Demissie (2018), who found that the
Drakensberg mountain range inhibits the transport of tropical moisture into the western
regions of South Africa. Section 4.4 and section 5.5 showed that the transport of tropical
moisture is important for wet COLs over the Western Cape in both the reanalysis and
model data.

6.2.4 COL Dynamics

To explore the influence of topography in the formation of COLs, Fig. 6.5 shows the

vertical structure of the atmospheric variables before the center of COL1 reaches the
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mountain range (1 June 2015) and when it is over the mountain range (3 June 2015) in
the CONTROL experiment, in comparison with the same dates in the NoTOPO
experiment. In general, the vertical structure of the atmospheric conditions for 1 June
2015 is similar in the CONTROL and NoTOPO experiments. For instance, both
experiments feature a relatively dry, cold polar air mass (south-easterlies) forming a
wedge under a relatively moist, warm tropical air mass (i.e. north-westerlies) (Fig. 6.5a
and b). While the warm air mass rises, the cold air mass sinks. Above 700 mb, the polar
air mass is associated with a relatively low pressure, while the tropical air mass is
associated with a relatively high pressure. The resulting pressure gradient leads to a
strong north-westerly jet (i.e. thermal wind, around 250 mb), located between the two air
masses. However, although this is a good atmospheric condition for COL formation,
COL1 only develops in the CONTROL experiment but not in the NoTOPO experiment,
because the westerly wave is not deep enough to produce a closed low in NoTOPO (Fig.
6.4). This suggests that the presence of the topography contributes to the deepening of
the westerly wave to form COL1 in the CONTROL experiment, by producing low-level
convergence and strong upward motion near the mountains (Fig. 6.5d). This upward
motion can lift the moist warm air to the level of free convection to initiate deep convection,
which may weaken the westerly component of the jet and enhance the meridional
component. This will enhance the influence of blocking in deepening the waves and
provide additional forcing in initiating the formation of COL1 in the CONTROL.

Furthermore, Fig. 6.5 shows that the topography delays the westward propagation of the
westerly waves over the mountains. For 3 June 2015, the atmospheric condition in the
CONTROL experiment shows that the system has moved eastward by about 5° but the
structure is still similar to that of 1 June 2015, except that the contrast between the warm
and cold air masses is weaker. But in the NoTOPO experiment, the system has moved
away from the study region, and the vertical structure of the atmospheric condition is
different from that of 1 June 2015. The potential vorticity also illustrates this. For 1 June
2015, both CONTROL and NoTOPO both show strong negative vorticity values extending
downwards, thus indicating stratospheric intrusion, which often occurs during strong

trough or COL conditions. But for 3 June 2015, while the presence of the stratospheric
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intrusion is still evident in the CONTROL experiment, it is absent in the NoTOPO
experiment, because the intrusion has moved much further east. The moist static energy
(MSE) shows that the region in the CONTROL experiment is still influenced by the
structure of the COL, as indicated by higher MSE values in the warm air mass. However,
in the NoTOPO experiment, the MSE and potential temperature show greater stability,
which also leads to less vertical ascent in the NOTOPO experiment compared to the
CONTROL. Therefore, the topography contributes to the initiation and propagation of
COL1 through blocking. This blocking role that topography plays has been documented
in other studies too (Boyer and Chen, 1988; Miky Funatsu et al., 2004).
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Figure 6.5: The vertical structure of the atmospheric variables before the center of COL1 reaches the mountain range
(1 June 2015) and when it is over the mountain range (1 June 2015) in the CONTROL experiment, with the
corresponding plots of the FNL DATA and NoTOPO experiment (same dates). The variables are: (a) zonal anomalies
of temperature (shaded, °C) and geopotential height (contours, m); (b) Moist static energy (shaded, J.kg™), potential
temperature (black contour; K) and relative humidity (white contour, %); (c) zonal wind (shaded, m.s*') and meridional

wind (contour, m.s); and (d) vertical velocity (shaded, m.s™*) and potential vorticity (contour, PVU).
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Chapter 7 . Conclusion

7.1 Summary

As part of an effort to improve understanding of COL characteristics over the Western
Cape and to enhance prediction, this study has investigated some of the COLs
characteristics over the province, focusing on the 2015-2017 drought, and examined the
capability of two climate models (WRF and MPAS) in simulating COLs over the area. This
study has also explored how the Southern African terrain influences the COL
characteristics. Daily precipitation data from three observation datasets (CRU, CHIRPS
and CPC) and one reanalysis (CFSR) dataset were analysed to study the precipitation
variability in the Western Cape, while CFSR and CHIRPS were used to examine the
characteristics of COLs and their associated precipitation patterns. A SOM was applied
to classify the COL precipitation patterns into 9 patterns (or nodes), which were grouped
into four major patterns. The study evaluated the capability of two climate models (WRF
and MPAS) in simulating COLs over the area. The model simulations were compared
with observation (CHIRPS) and reanalysis (CFSR) datasets. The evaluation focused on
how well the models reproduced the spatial and temporal variation of precipitation, COL
frequency and COL precipitation patterns over the Western Cape, with special emphasis
on the 2015 — 2017 drought. The SOM was used to check how well the models captured
the seasonal frequency of the major COL precipitation patterns over the region. We
analysed how well the models reproduced the horizontal and vertical structures of COLs
and the differences in the atmospheric conditions for wet and dry COLs. The study also
used the WRF model to simulate three different COLs (COL1, COL2 and COL3) in four
experiments (CONTROL, NoTOPO, WTOPO and ETOPQO). While CONTROL used the
real Southern African topography, NoTOPO used no topography (flat terrain), WTOPO
used only western topography and ETOPO used only eastern topography. The COL
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formation, track, precipitation and vertical structure were analysed to understand how

different parts of the Southern African terrain influence COLSs.

The results of the study can be summarised as follows:

e In general, the observed and reanalysis precipitation datasets agree on the spatio-
temporal distribution of precipitation over the Western Cape, but there are some
notable discrepancies among them. However, among the satellite and reanalysis
precipitation products, CHIRPS gives the most comparable results to CRU

observations, especially during the three drought years (2015-2017).

e Climatologically, the Western Cape area receives 10 COLs per year, but with a
standard deviation of 5 COLs. Moreover, while a positive anomaly in COL
occurrence can last for 5 years, a negative anomaly can also last for a similar

period.

e On average over the studied period, 1981-2017, COLs contribute 11% of the
annual precipitation over the Western Cape and generally more COLs leads to
greater annual precipitation. However, a positive anomaly of annual COL
frequency does not always translate to an increase in COL annual precipitation
contribution (and vice versa), because individual COLs can give different

precipitation amounts.

e The COL precipitation contribution differs over the three drought years (2015—
2017). In 2015 and 2016, the COL annual precipitation was above average,
meaning that the COL precipitation helped to alleviate the severity of the drought
in those two years. But in 2017, the COL annual precipitation was below normal,

as the COLs mainly occurred further south of the country.

e The spatial distribution of COL precipitation over the Western Cape can be

grouped into four major patterns. The first pattern (AORP, 22%) shows
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precipitation over most of the Western Cape; the second (WCRP, 15%) shows
precipitation only over the west and south-west coast; the third (SCRP, 17%)
shows precipitation only over the south-east coast; and the fourth (NORP, 46%)
shows little precipitation over the Western Cape. Hence, more than 45% of COLs

over the province produce little or no precipitation.

Unlike the wet COLs (i.e. AORP, WCRP, SCRP), the dry COLs (NORP) lack a
strong southward transport of warm and moist air from the tropics towards the
Western Cape. Hence, in comparison with the wet COLs, the dry COLs are
associated with a colder and drier warm air mass, as well as with a weaker
temperature and moisture contrast between warm and cold air masses, a

shallower low pressure core, and a weaker pressure gradient

Both WRF and MPAS capture the general characteristics and drivers of Southern
African precipitation, but there are some notable differences in relation to the

moisture flux transport over the sub-continent.

Although both models reproduce the spatial distribution of precipitation over the
Western Cape well (r = 0.6), WRF outperforms MPAS in simulating the annual
precipitation cycle and inter-annual precipitation of the area.

Both models show different signs of precipitation anomalies during the 2015 —
2017 drought, but the WRF simulation gives a better representation of the drought
characteristics than the MPAS simulation.

The models agree with CFSR in that the Western Cape is a hotspot for COL

activity, although they struggle to capture the inter-annual variability of the COL
frequency. The inter-annual variability is better reproduced in WRF than in MPAS.
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Both models give a credible representation of the seasonal frequency of COL
precipitation patterns as observed, except that they under-estimate the frequency

of dry COLs through the seasons.

In agreement with the reanalysis, the models show that the transport of warm,
moist air from the tropical Atlantic Ocean fuels COL precipitation over the Western
Cape and that the moist static energy in the warm moist air is lower in the dry COLs
than in the wet COLSs.

Topography influences the origin and formation of COLs, but the influence is
greater for the COLs (i.e. COL1 and COL3) that formed in the vicinity of the sub-
continent than the COL (i.e. COL2) that formed far from the subcontinent. COL1

does not form in the NoTOPO experiments.

The COL tracks are also sensitive to the topography. Although the influence differs
for each COL, there is a similarity in that as the COLs approach topography their
tracks become more southerly. COL1 and COLZ2 shift southward as they approach
the western topography in the CONTROL and WTOPO experiment and shift
southward as they approach the eastern topography in the ETOPO experiment.
The track of COL3 is complicated due to its formation over land, but it does show

southward movement upstream of topography.

Topography does not seem to influence the timing of peaks in precipitation during
the COL lifecycle, but it does influence the spatial distribution of precipitation. The
western topography enhances precipitation over the western part of Southern

Africa while the eastern topography reduces precipitation to the region.

The vertical structure of COL1 indicates that topography plays a role in providing
the force needed for the system to become cut-off. The topography promotes uplift
of warm moist air to initiate deep convection, which may weaken the zonal strength

of the jet and allow for the formation of the COL.
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e Topography also decelerates westerly wave systems. The system moves faster in
the NoTOPO experiment than in the CONTROL experiment.

Table 7.1: A summary of the hypotheses and their results

Hypothesis Comment: True or False

Hypothesis 1. Changes in characteristics of | The hypothesis is false in 2015 - 2016,

COLs (i.e. tracks frequency and the associated | when an increase in COL frequency
precipitation) over the Western Cape contributes | and the associated precipitation

to the 2015-2017 drought in the province. reduced the severity of the drought.

But, the hypothesis is true in 2017,
when a decrease in COL frequency and
the associated precipitation enhanced
the severity of the drought

Hypothesis 2: The characteristics of COLs | This hypothesis is true for WRF model,
over the Western Cape can be reproduced | but false for MPAS model.

by the Weather Research and Forecasting
(WRF) and the Model Prediction Across Scales
(MPAS) models.

Hypothesis 3: The characteristic of COLs | This hypothesis is true.
over South Africa is influenced by the
complex topography of southern Africa.

7.2 Concluding Remark

These above results complement findings of previous studies on the roles of different
atmospheric process in the 2015-2017 droughts over the Western Cape. Sousa et al.
(2018) linked the drought with a shift in the sub-tropical jet southwards and a southward
expansion of the sub-tropical anticyclones. This weakened the remote moisture sources
and atmospheric rivers and led to the southward shift in moisture transport and storm
tracks, leading to a persistent decrease in moisture transport over the ocean to the west
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of the Western Cape throughout the drought period (Sousa et al., 2018). Mahlalela et al.
(2018) also linked the consistently dry conditions over most of the province (in the early
winter months, April-May in 2015-2017) to the southward shift of the jets, showing
anomalous higher pressures over high latitudes and the southward shift in storm tracks.
Results of our study have shown how COLs contributed to the drought. In the first two
years of the drought (2015-2016), the COLs occurred more frequently (than normal) and
produced precipitation. Although the addition of COL precipitation did not offset the dry
conditions from the southward shift of the storm tracks, it alleviated the drought. This also
suggests that the COLs were not affected (i.e. by the southward expansion of the
anticyclones) the same way other precipitation systems were affected. Nevertheless, in
the last year of the drought (2017), COL occurrence and precipitation fell below average,
adding to the already dry conditions. This suggests a distinction between the dynamics
of the 2015-2016 and 2017 drought years. It also emphasizes the importance of
understanding the relative contribution of different systems to the Western Cape annual

precipitation and knowing what influences these contributions.

7.3 Suggestions for Further Study

Further investigations are suggested to improve the understanding and prediction of
COLs over the Western Cape and Southern Africa: The statistics may be sensitive to the
algorithm used to identify the COLs. Future studies could apply several algorithms
(developed according to the different characteristics of COLS) to identify the COLs. The
results of such studies would help to quantify the uncertainties in the COL statistics and
provide a more robust information on the characteristics of COLs during the drought
period. The resolution of the reanalysis (0.5° x 0.5°) used in the present study may be
too low to adequately capture the local effects of topography on COLs. Using multi-
reanalysis datasets with higher resolution is another way of enhancing the robustness of
the results. Lagrangian studies of moisture sources during Western Cape COL days could

provide more robust conclusions on COL moisture transport and sources.

In the present study, only one long simulation was performed with each model due to

computational constraints. The results of the study could be improved in future studies.
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For example, the models were run using one set of parameterisation schemes; moreover,
for MPAS, the out-of-the-box conditions were used because it is a fairly new model. In
future studies, therefore, different parameterisation schemes could be used to test the
sensitivity to COLs and COL-related precipitation. Using a regional climate model for the
topography sensitivity experiments raises some issues with the topography signal being
present within the boundary conditions, while this would be more related to changes in
the westerly wave structures and less to the influence on COL characteristics, it would
still be useful for future studies to understand the influence of boundary conditions on
simulated COLs characteristics. The three COLs used in the sensitivity experiments were
chosen during the same month and year; hence, they may not be a good representation
of all COL events over Southern Africa. Therefore, more COL case studies are required

to understand the influence of topography on COLs occurring in different seasons.
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Appendix
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Figure Al: The COL numbers are shown for 300hPa (left panel) and 500hPa (right panel) with the black box indicating
the area chosen for Western Cape COLs (area 1).
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Figure A2: The SOMs analysis with the area chosen in Fig. Al.
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Figure A3: The same as Fig. Al but for area 2 (the area we decided to choose for the rest of the studies analysis).
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Figure A4: The same as Fig. A2 but for area 2
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Figure A5: The same as Fig. Al but for area 3
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Figure A6: The same as Fig. A2 but for area 3

115



ity

2475

2878

Jars

LA

4078

10°E 14°E 18°E 22°E 28°E

Figure A7: The same as Fig. Al but for area 4
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Figure A8: The same as Fig. A2 but for area 4
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Figure A9: The same as Fig. Al but for area 5
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Figure A10: The same as Fig. A2 but for area 5
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Figure A11: The same as Fig. Al but for area 6
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Figure A12: The same as Fig. A2 but for area 6
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Figure A13: Evolution of COL over southern Africa during a wet COL case (upper panels) and a dry COL case (i.e.

panels). The contours show the 500hPa geopotential height while shading indicates the associate precipitation.
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Figure A14: Same as Fig A13 but with shaded values showing temperature at 500hPa (K).
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