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Abstract

Out of all rain-producing weather systems, cut-off lows (COLS) are linked with the occurrence
of high impact rainfall and in some cases short-lived floods which can last for 24 hours over
South Africa. This study examined the characteristics associated with the present occurrence
of the severe COL systems over South Africa from 2011 to 2017. The accuracy of the 4.4 km
Unified Model (UM) which is currently in use for simulating areas of deep moist convection in
South Africa was evaluated. The UM simulated geopotential height at 500 hPa as well as the
associated 24 hours precipitation which were compared against the daily fields of geopotential
height and 6-hourly precipitation from the European Centre for Medium-Range Weather
Forecasts (ECMWF). COL events were categorized and analyzed according to the associated
surface circulation patterns at 850 hPa. The seasonal distribution and duration of the systems
over northern (10°E-33°E //22°-32°S) and southern (10°E-33°E //32°-35°S) regions of the
study area were also analyzed. Results show COL systems shifting with season towards the
north eastern parts of the country, with an increased number of events during the austral winter
season during the study period. Systems which lasted for long time were observed during the
austral winter and spring seasons. The UM tends to simulate areas of heavy precipitation
accurately with poor simulation during the initial stages of the systems. The UM provided a
more realistic-looking closed geopotential height and rainfall fields for systems which are
coupled with a cold front at the surface. Application of the knowledge about the evolution in
the characteristics of COL events from this study can improve the operational forecasting of

these weather systems over the country.
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CHAPTER 1

BACKGROUND AND INTRODUCTION

1.1 Background

Seasonal characteristics of weather over the subtropics are greatly influenced by anticyclonic
circulation, which is caused by the descending limb of the Hadley cell (Taljaard, 1986). South
Africa is one of the countries whose climate is influenced by the position and intensity of the
Hadley cell circulation. This is due to its location underneath the anticyclonic circulation of the
Hadley cell (Taljaard, 1959). The majority of the country experiences rainfall during the austral
summer season as a result of the dominance of low-pressure systems over the interior (Harrison,
1984; Weldon and Reason, 2014). The replacement of the anticyclonic circulation by a heat-
driven synoptic trough system in summer, promotes the southward flow of moist tropical air over
South Africa (Taljaard, 1986). Some of the major rain-producing weather systems during the
austral summer season include cloud bands associated with the ridging anticyclone, Inter-tropical

Convergence Zone (ITCZ), Angola low and tropical cyclones.

During the austral winter, most of the interior is dry while the southwestern parts of the country
become wet. This happens because of the cold fronts passing through the country, due to their
equatorward move during this season. This is also influenced by the northward shifting of the
Atlantic as well as the Indian Ocean high pressure systems. The small portion along the southern
coastal region of the country, called Cape south coast, receives rainfall throughout the year (Hart
et al., 2012; Engelbrecht et al., 2013; Weldon and Reason, 2014). Most of the rainfall activities
over this area are experienced during transitional seasons, associated with COLSs, ridging high
pressure systems and tropical-temperate troughs, which occur during autumn and spring (Jury
and Levey, 1993). The COLs are most frequent during the transitional seasons, while ridging

highs peak during the austral summer (Singleton and Reason, 2007).

While characteristics of some weather systems that contribute to rainfall over the northern part,
the southwestern area and Cape south coast part of the country have been studied extensively,
others remain poorly understood. For example, rainfall associated with tropical-temperate
troughs, and the land-falling tropical systems have been quantified (Hart et al., 2010 and Malherbe
et al., 2012). Out of these weather systems, COLs play a major role in the distribution of the

rainfall, not only on the Cape south coast region but also across many regions of the country

1
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(Favre et al., 2012). This is because they are associated with high intensity deep convection and
vertical motion, which lead to high impact rainfall events. COLs can produce 24- hour rainfall totals
which can exceed the climatological monthly rainfall total (e.g. Singleton and Reason,
2006,2007b). Knowledge about the characteristics of COLs can provide insights of the relevant
circulation dynamics, which in turn can potentially be applied to improve the simulation of deep
moist convection and rainfall in COLs over country. South Africa is characterized by a complex
topography that can influence the atmospheric circulation and modify characteristics of the COL
events (Fig. 1.1). In comparison to the number of COLs rainfall distribution studies over South

Africa, more focus has been on the Cape south coast than other regions in the country.

Characteristics of rain-producing weather systems can be influenced by large-scale climate
modes, such as the Southern Annular Mode (SAM) (Reason and Renault 2005 and Malherbe et
al., 2014) and the El Nifio Southern Oscillation (ENSO) (Lindsay 1988 and Reason 2000). The
change in location and intensity of rain-producing weather systems over the winter and summer
rainfall regions of the country may be influenced by SAM and ENSO. These are evident
particularly during wet and dry seasons. It has been suggested that COLs contribute in the
interannual rainfall variability, as the occurrence of these systems is disrupted during the dry years
(Jury and Levey, 1993). Over the Cape south coast, there is a link between anomalous rainfall
years with the ENSO events. An increased number of COLs occurrence has been observed
during the early phase of La Nifia events (Weldon and Reason, 2014). Seasonal forecasting over
South Africa has focused mostly on the summer rainfall region for the October to March period
(e.g. Landman and Goddrad, 2005; Engelbrecht and Landman, 2015) with ENSO as the main
predictor. This means the seasons in which COLs mainly occur has not been studied in detail

because they usually occur during autumn/spring.

1.2 Problem analysis and motivation

COL events are slow-moving weather systems which typically persist over the same region for
several days. As a result, these systems have a significant impact on the weather conditions that
can be felt for couple of days (Gimeno et al. 2007). During austral spring and autumn seasons,
the southern and eastern coastal regions of South Africa experience cold conditions and extreme
rainfall, which often leads to flooding when COLs occur (Singleton and Reason, 2007b). As these
systems originate in the upper troposphere, they are also associated with the exchange of ozone

between the stratosphere and troposphere. The downwards movement from the stratosphere is

2
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also linked with a significant number of reactive species into the troposphere (Singleton and
Reason, 2007).

There are fewer studies that have been undertaken on COLs over Southern Hemisphere, in
comparison to the Northern Hemisphere (e.g., Romero et al. 2000; Yu and Smull 2000). The
effects of topography as well as the influence of mid-latitude storms on the COLs have been
adequately investigated in different locations in the Northern Hemisphere (e.g., Neiman et al.
2004) but not in the South African context. However, there are important differences between the
Northern and Southern Hemispheres, which suggests that simply transferring Northern
Hemisphere findings about COLs to Southern Hemisphere, particularly in South Africa, is

inappropriate.

COL events often occur over the Western Cape and Cape south regions of Eastern Cape in spring
and autumn. Therefore, simulation of deep moist convection during the occurrence of COL events
is more focused over these regions than other regions over the country (Favre et al., 2012). Most
studies have analyzed the characteristics of COLs occur that over southern parts of South Africa,
during the March-April-May (MAM) season. It has been found that there is an evolution in the
preferred season for COL events, from (MAM) to June-July-August (JJA), and location from
southwestern (34°S) towards the northeast of the subtropical southern Africa for COLs occurrence
since 1980s (Singleton and Reason, 2007b). Thus, COL systems may also play a significant role

in the contribution of the average rainfall during austral winter seasons.

Singleton and Reason (2007) indicated that the weakening of SAM is often associated with the
shifting of COL events from the southwest (34°S) towards the northeastern part of the country in
the 1980s. These COL systems are associated with extreme rainfall, which can last for 24 hours
(Singleton and Reason, 2006b) and in some cases resulting in flash floods over the northern part
of the country. While it has been possible to analyze the frequency, duration and size of COLs
over Cape south coast, there are challenges in predicting these characteristics over the northern
part of South Africa (e.g., Romero et al., 2000; Yu and Smull 2000).

Most of the studies which are conducted over South Africa cover a very short period. For example,
Taljaard (1985) analyzed COLs over South Africa, covering only a study period of ten years. In
addition, only the study of Taljaard was confined to COLs in the region bounded by latitudes 20°
and 38°S and lines drawn approximately 5° longitude off the west and east coasts. Various
characteristics of COLs, which include seasonality, frequency, geographical distribution, the

duration and size could not be investigated in the ten-year data set of Taljaard (1985).
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While it has been possible for analyzing the characteristics of COLs Singleton and Reason 2007
and Favre et al. 2012), they have been less successful in simulating the characteristics of COL
events mostly in the northern part of the country (Doswell et al. 1996). This limitation in models

can lead to end-users not taking future warnings seriously (Doswell et al. 1996).

Numerical weather and climate models are the primary tools used to forecast weather, predict on
seasonal timescales, as well as provide future climate projections. The spatial resolution used by
these models affects the skill with which they can simulate different atmospheric feature. When
used with course spatial resolution, they do not accurately simulate the characteristics of small-
scale features (MacKellar et al. 2014). It is therefore important that the skill of models in simulating
these events over the region is studied so that we can better understand shortcoming in the
models. Findings from such studies can help model developers identify areas to improve on as
they develop or upgrade their models. The South African Weather Service (SAWS) uses the
Unified Model (UM) which was developed by the UK Met Office (UKMO) as its main Numerical
Weather Prediction (NWP) Model. SAWS has a mandate to provide weather, climate and air
guality services to the country for purposes of saving lives and property over land, sea and the
air. It is therefore important that the skill of the model used by SAWS in predicting systems that
can lead to flooding is understood.

1.3 Research gquestions

e There has been observed drying over the southwestern Cape region in Western Cape
Province during the austral autumn (MAM) (Reason and Jagadheesha 2005). Could this be a
result of a recent seasonal shift of COLs?

e How do dynamic and thermodynamic variables evolve with the approach and passage of a
heavy rainfall producing COL?

o How do surface pressure patterns influence the predictability of rainfall during the occurrence
of COLs over South Africa?

o How accurate is the UM model used by SAWS in simulating deep moist convection and rainfall

amounts during COL events?

1.4 Aim and objectives

The main aim of this study is to analyze the characteristics, deep moist convection and rainfall in

COL events over South Africa.

Specific research objectives are to:
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e Examine the recent (2011 to 2017) seasonal distribution of COLs over South Africa.
¢ Analyze physical and thermodynamic processes associated with deep convection in COLs.

¢ Investigate the characteristics of the COLs in relation to their associated surface pressure
patterns.
e To test the accuracy of SAWS UM in simulating areas of deep moist convection and rainfall

in COL events from 2016 to 2017.

1.5 Description of the study area

Over the east, the South African topography is characterized by an elevated plateau, with the
highest being 2.5 km above mean sea level (Taljaard, 1994). From the north it is characterized
by a steep escarpment, which runs from the Soutpansberg region in Limpopo Province, becoming
Drakensberg over KwaZulu-Natal Province, and the northern parts of the Eastern Cape Province.
Over Lesotho there are the Maluti Mountains, which rise to over 3 km above mean sea level (Fig.
1.1).
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Figure 1. 1: South African topological map, with altitudes ranging from 300 m to 3473 m above

mean sea level. (Source: Molekwa, 2013)

South Africa is located in southern Africa and shares borders with Namibia, Botswana, Zimbabwe,

Mozambique, Lesotho and Swaziland. In the east and southeast, South Africa is bordered by the
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south Indian Ocean, with the south Atlantic Ocean in the west and southwest. The country is
made up of nine provinces; namely, Limpopo, North-West, Mpumalanga, Gauteng, Northern

Cape, Western Cape, KwaZulu-Natal, Free State, and Eastern Cape Province (Fig. 1.2).

The study area is divided into two regions, referred to as Regions A and B (Fig. 1.2) which was
done to analyze the geographical distribution of COL system over South Africa. The study area
was divided based on the relatively homogeneous occurrence of COLs and their contribution to
the overall rainfall over the country. Region A (10°E-33°E //22°S-32°S) tends to receive rainfall
during the austral summer seasons, whilst region B (10°E-33°E//32°S-35°S) tend to receive more
rainfall during the austral winter seasons, with a high occurrence of COL events. Thus, COL
events play a most significant role in the overall rainfall over region B than A (Molekwa 2013).
Singleton and Reason (2007) observed a shift in the preferred season and location of COLs in
1980s over South Africa.
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Figure 1. 2: A map of South Africa (study area), showing its nine provinces. For Cut-off Lows

(COLs) classification, South Africa is divided into two regions, A and B

Based on the analysis on a cluster of South African rainfall by SAWS (South African Weather
Bureau, 1972), and the mean annual cycle rainfall of eight climatic areas, indicated by Rouault
and Richard (2003), the study further categorized the areas into four regions (Fig. 1.3). The areas
were categorized according to homogenous months of maximum rainfall. Region 1 combines the
central interior, KwaZulu-Natal and the north-eastern interior of the study area, which tend to
receive maximum rainfall in January (Rouault and Richard, 2003). Region 2 consists of southern
interior and some parts of western interior, with the highest rainfall during March. Region 3 is
made up of the Cape south coast of the country, with its southern part receiving rainfall throughout
the year. Region 4 combines the north and south western Cape of Northern and Western Cape

respectively, with most rainfall during Winter.
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Figure 1. 3: A study area map categorized into 4 regions, with a homogeneous annual rainfall

cycle.
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1.6 Dissertation structure

This study consists of six chapters. Chapter 1 detailed the background, motivation, research

guestions, aim and objectives as well as the description of the research.

Chapter 2 reviews literature about COLSs to identify the major gaps left by previous studies and to
acquire important insights about different approaches which can be used to analyze the

characteristics of COLs over South Africa.
Chapter 3 presents the datasets, methods and approaches for analyzing data used in the study.

Chapter 4 Identified the different COL events using closed geopotential height at 500 hPa clearly
cut-off from main westerly flow further south, with a strong pool of negative potential vorticity.
rainfall, temperature, convective available potential energy, outgoing long-wave radiation (OLR)
and wind vector, associated with the identified COL events, were analyzed for a better

understanding of the weather system over the country.

The accuracy of the 4.4 km UM to simulate rainfall and deep moist convection in COL is evaluated
in chapter 5. The model was used to simulate rainfall and convection for COL events which were
experienced between 2016 and 2017. The model outputs were further compared with the

observation for the events to check the accuracy.

The key findings, recommendations and conclusions of this dissertation are offered in chapter 6.

All chapters in this study begin with an introduction and conclude with a summary.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Several studies have been carried out on characteristics of cut-off lows (COLs) over the South
Africa (e.g. Fuenzalida et al. 2005; Ndarana and Waugh 2010; Reboita et al. 2010; Favre et al.
2011; Singleton and Reason, 2006a, 2007ab). Over the Cape south coast region, COLs are some
of the rain-producing weather systems, which provide rainfall throughout the year (Hart et al.,
2012, Weldon and Reason., 2014, and Engelbrecht et al. 2015). In recent decades there have
been several documented cases of heavy rainfall associated with COLs in the different parts of
South Africa. In 1987, KwaZulu-Natal province experienced severe floods when a COL moved
towards the eastern parts of Northern Cape and Northwest provinces, leading to an accumulation

of the rainfall of more than 900mm in 3 days (Triegaardt et al., 1988).

Some studies have analyzed the characteristics of COLs over the regions which often experience
these weather systems. Taljaard (1985), for example, analyzed some of the characteristics of the
COLs in the region bounded by latitudes 20° and 38°S and lines were drawn approximately 5°
longitude off the west and east coasts of South Africa. Other studies have analyzed the rainfall
and impacts which are usually experienced during the occurrence of COLs. Engelbrecht et al.
(2016) also analyzed synoptic types, which are associated with heavy rainfall during the

occurrence of COLs over the Cape south coast.

The aim of this chapter is to synthesize and discuss the existing literature on characteristics of
COLs, which include seasonality, frequency, geographical distribution, duration size and their
predictability over South Africa. Reviewing the literature helps to determine the state of the
science, identify major gaps that still exist and provide important insights about approaches used

to analyze characteristics of COLs over South Africa.

2.2 Rainfall-producing systems over South Africa

Most regions of South Africa receive rainfall during the austral summer months (December,
January and February (DJF), while limited areas in the west receive rainfall from May to
September with most during the austral winter months (June, July and August (JJA)). According
to Taljaard (1996), only a small portion of the country located over the southern coastal belt

receives rainfall throughout the year. Over the eastern parts of the country, rainfall is associated
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with moisture transported from the warm Indian Ocean (Reason and Molenga, 1999). Most of the
summer extreme precipitation events over the eastern part of the country are usually the result of
the tropical lows, extratropical lows (Hart et al. 2010,2013), mesoscale convective complexes
(Blamey and Reason 2012, 2013). Weather systems such as Inter-tropical Convergence Zone
(ITCZ), Angola low, Mascarene high, play an important role in the moisture advection from the

tropics and Indian Ocean towards the eastern parts of the country (Molekwa 2013).

During the austral winter, the northward migration of ITCZ and semi-permanent South Atlantic
anticyclone reduces the moisture source from the tropics, while the approach of frontal troughs
over the southwest with cold fronts leads to wet conditions over the west of the country (Tyson
and Preston-Whyte, 2000). The rest of the subcontinent experiences a dry season as an
anticyclonic circulation becomes dominant with a continental anticyclonic situated over the land

and the South Indian anticyclone moves west.

2.2.1 Tropical-Temperate Troughs

Tropical-temperate troughs (TTT) are estimated to produce about 40% of the average annual
rainfall over South Africa during austral summer (DJF) (Hart et al., 2013). TTTs are identified as
extended cloud bands which connect a tropical convective system with a mid-latitude frontal
system passing south of South Africa (Harrison 1984). TTTs often develop after a tropical
disturbance at the low latitudes is coupled to a midlatitude trough over the Southern Ocean. The
establishment of a summer low over Angola (Angola low) is fundamental (Fig.2.1). TTTs tend to
move eastward, through southern Africa, Mozambigque channel and towards Madagascar (Pohl
et al., 2009).

The formation of TTTs might associated with moisture convergence by strong easterly and
westerly fluxes from Indian and Atlantic Oceans (Hart et al. 2010). The development of TTTs can
be promoted by the low-level penetration of moisture flux from the eastern Atlantic Ocean (Hart
et al., 2010). Cloud formation due to the Angola heat low during austral summer may also play a

significant role in the development of TTTs (Chikoore and Jury 2010).

The occurrence of TTTs is greatly influenced by the variability of ElI Nifio—Southern Oscillation
(ENSO) (Fauchereau et al. 2009; Pohl et al. 2009). Over southern Africa, a slightly number of
TTTs tends to be experienced during La Nifia condition. This is influenced by the sea surface
temperature near the southern African coasts (Crimp et al., 1998). The presence of above-normal
warm temperatures over southwestern Indian Ocean (Agulhas) current which leads to high level

of moisture fluxes, increases the occurrences of TTTs (Vigaud et al., 2012). During EI Nifio events,
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anticyclonic wind anomalies become established over the subcontinent such that TTTs are

displaced to the warm ocean east of the Madagascar (Fauchereau et al. 2009).

The preferential location and persistence of TTTS have significant influence on intraseasonal
rainfall distribution. In February 1988, TTT was associated with extremely heavy rainfall in the

interior central regions of South Africa (Lindesay and Jury, 1991).
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Figure 2. 1: The main mechanisms which play an important role in the formation of Tropical-
temperate troughs (TTT) during austral summer: Angola low (AL), Kalahari heat low (HL), South
Atlantic high (SAH), and south Indian Ocean high (SIH). (Source: Macron et al., 2014).

2.2.2 Tropical cyclones

Tropical cyclones form over the southwest Indian Ocean during November to April. They seldom
make landfall over the southern African main land. When they do, they are often associated with
large amounts of rainfall over the northern eastern parts of South Africa, Zimbabwe and
Mozambique. However, landfall in Madagascar is not common. These weather systems develop
in the southwest Indian Ocean or in the Mozambique Channel and tend to propagate in a
westwards direction. One of the most significant system in recent decade was tropical cyclone
Eline which made landfall over southern Africa during February 2000, and caused devastating
floods to areas in Mozambique, Zimbabwe and South Africa (Reason and Keibel, 2004). In March

2019, tropical cyclone lIdai also caused significant loss of life and massive damage in
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© University of Venda



()

o
- A
University of Venda

Mozambique, Malawi and Zimbabwe. Most of the tropical cyclones which make landfall tend to
transit over the large southern African river basins and are often associated with devastating

floods (Dyson and van Heerden, 2002).

2.2.3 Continental tropical lows

Continental tropical low-pressure systems are also referred to as V-shaped trough (Dyson and
Van Heerden, 2002). The weather system is identified as a low-pressure system that extends
from the surface to 400 hPa above which is by a high-pressure system in the upper troposphere.
The low-pressure system is characterized by warm core from 500 hPa with relatively low
temperatures over the surface at 700 hPa. These systems are linked with surface dew point
temperatures of 18-20 °C with precipitable water of above 20mm. In February 1988 and 2000, a
tropical continental low caused heavy rainfalls and floods over Free State Province and north-
eastern parts of the country respectively (Dyson and Van Heerden, 2001). Tropical continental
low-pressure systems are characterized by semi-stationary convective cells with little vertical wind
shear.

2.2.4 Ridging anticyclones

Ridging anticyclones are characterized with the breaking of the Rossby wave at lower
stratosphere. Anomalous stratospheric potential vorticity (PV) extending from 70 hPa towards
the surface often leads to a cyclonic flow forming the ridging anticyclone to take a bean-like shape
(Ndarana et al. 2018). At the surface, the positive anomaly produces internal anticyclonic flow
causing the ridging end to break off (Ndarana et al. 2018). Ridging high pressure systems are
some of the weather systems which play a significant role on the distribution of rainfall over the
Cape south region as they contribute about 50% to the annual rainfall (Engelbrecht et al. 2015).
Their contribution to the annual rainfall decreases from south coast to north with high rainfall
during March and April. Surface convergence over the subcontinent is often caused by maritime

onshore winds from a ridging anticyclone.

2.2.5 Cut-off lows

COLs are typically known for their tempestuous weather as well as high precipitation events
(Favre et al., 2012; Molekwa, 2013). They tend to form and develop over the mid-latitudes, on the
equatorial-side of the polar or subtropical jet-stream and end up as closed cyclones over the
middle and upper troposphere. This occurs when an upper air system separates from the main

westerly flow of the mid-latitudes (Palmer, 1949).

12

© University of Venda



3

o]

g University of Venda
\ ) Creating Future Leaders

Several definitions of COLs exist in the literature. Qi et al (2000) defined COLs as synoptic scale
low-pressure systems, whose deep trough is at the 500 hPa and a closed circulation at the lower
level. According to Tyson and Preston-White (2000), a COL is a feature that is explained by a
cold-cored depression produced by a westerly trough. It usually starts over the upper westerlies
as a trough and deepens to form a closed circulation which extends to the surface (Fig. 2.2).
Taljaard (1985) defined COLs as a deep low-pressure system over the upper troposphere where
it forms at 500 hPa.

Typically, they develop as a trough in the upper-air flow becoming a closed circulation which is
then cut-off from its source region (westerlies flow) (Fig. 2.2) expanding downward but without
reaching a surface. A surface low may develop if the low can become deep and extended towards
the lower troposphere (Palmen and Newton, 1969). When the cyclone is totally closed in the
middle and upper troposphere it is known as a “cold pool” characterized by strong instability,
thunderstorms, strong winds and heavy precipitation (Porcu’, et al. 2007). The low-pressure
system begins to weaken as it becomes baro-tropic becoming characterized by less intense

precipitation (Favre et al., 2012).
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Figure 2. 2: A schematic representation of the development of a Cut-off Low (COL) in the upper
troposphere in the South African region at 500 hPa, in association with the establishment of a

blocking anticyclone at high latitudes, and a COL at low latitudes (Source: Molekwa, 2013).
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2.3 Classification of cut-off lows

In South Africa, COLs are often accompanied by a ridge of surface high pressure system on the
south of the system and near surface lower depression east of the systems aloft, promoting a rise
in the baroclinic structure (Taljaard, 1985). Because of the nature of the jet streak, which results
in their development, COLs can be classified into ‘polar’, ‘subtropical’ and ‘polar vortex’ (Price and
Vaughan, 1992).

o Polar-type COLs develop because of equatorward extensions of a polar jet and they are
typically located pole-wards of the jet (Molekwa, 2013; Singleton and Reason, 2007b).

e Subtropical COLs usually develop where there is an equatorial extension of a zonal polar or
subtropical jet (Molekwa, 2013; Singleton and Reason, 2007b).

e Polar vortex-type COLs tend to form because of polar vortex and tend not to move away from

the main vortex (Molekwa, 2013; Singleton and Reason, 2007b).

COLs are some of the weather systems which have a dynamic trajectory over South Africa.
Furthermore, these systems can have a life-time longer or equal to two days and tend to
propagate slowly eastward (Favre et al.,, 2012). Usually COLs are characterized by a quasi-
stationary movement, as it is associated with a blocking situation. The slow movement and
persistence of COLs can produce heavy rainfall for two or three consecutive days over the same
region, often leading to severe floods (Favre et al., 2012). Most of the regions which are
particularly subjected to a high accumulation of precipitation are coastal and mountain regions,
due to orographic lifting (Singleton and Reason 2007b; Davolio et al., 2008; and Muller et al.,
2008). COLs are cold cored systems such that they often bring bitter conditions and even
showfalls on higher ground in winter. This may lead to disrupt of transportation and electric

networks.

COLs are well-noted over the sub-continent but there is limited evidence of occurrence over the
Indian Ocean (Favre et al., 2012). From several studies on characteristics of COLs over the entire
Southern Hemisphere (e.g., Campetella and Possia, 2006; Risbey et al., 2009 and Singleton and
Reason, 2007h), it has been found that South Africa is one of the regions which are affected
significantly dominated by the occurrence of COLs (Reboita et al., 2010). A total of about 11 COLs
per year has been estimated to occur over southern Africa (Singleton and Reason, 2007a).
Despite being less frequent, they have been associated with extreme rainfall and temperatures,

particularly in South Africa, where the daily amount of rainfall is associated with a COL and can
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exceed 3 times the long-term monthly mean (e.g., Taljaard, 1985; Singleton and Reason, 2006
2007a).

2.4  Atmospheric blocking

Occasionally, the persistence and slow-moving character of COLs is due to the presence of

atmospheric blocking due to a blocking high.

The first widely accepted definition of blocking was provided by Rex (1950a), which divided the
basic westerly current into two categories. In his paper Rex (1950b) noted the influence of
geographical characteristics and argued that most blockings tend to dominate the eastern ocean
basins over Northern Hemisphere. Although most studies have focused on the Northern
Hemisphere because of high density of observations, blocking also occurs over the Southern
Hemisphere. Blocking episodes over the Southern Hemisphere tend to be less well-pronounced
and do not last long because of the smaller continental areas and a more uniform zonal flow
(Pook, 1994).

Owing to its persistence and intensity, blocking is associated with prolonged weather extremes,
such as dry spells, flooding and anomalous temperatures over certain extra tropical regions (Pelly,
2001). As a result, this large-scale quasi-stationary extra tropical flow regime has attracted many
synoptic and meteorological studies for decades. Atmospheric blocking is analyzed on the upper
air circulation and is mostly used for forecasting. Blocking, which covers a large spatial area, is
mostly associated with the occurrence of a high-pressure system because this system tends to
move slower than low pressure (Tang and Lou, 2006). In some cases, a low-pressure system can

also lead to atmospheric blocking.

Atmospheric blocking is commonly defined according to its temporal persistence. As a result, the
concept of sector blocking may therefore also be extended to define various blocking episodes.
Following the findings of Tibaldi and Molteni (1990), a minimum time-scale of 4 days is used to
define an atmospheric blocking episode. Thus, an atmospheric blocking episode is said to occur

when there is a sector blocking over a given sector lasting for at least 4 four consecutive days.

Occasionally, an atmospheric blocking high is characterized by three major patterns; namely,
monopole-type blocking (or Q-type blocking), dipole-type blocking (McWilliams, 1980; Malguzzi
and Malanotte-Rizzoli, 1984; Luo and Ji, 1991) as well as multipole-type blocking, which features
COLs (Berggren et al. 1949; Luo, 2000; Pelly, 2001). The amplified ridges which tend to be
observed over the North Pacific Ocean are not explicitly identified as blocks because they are
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characterized by an irreversible deformation of potential vorticity contours which have the same
structure as Q-blocks (Twitchett, 2012).

Dipole blocking pattern episodes, occasionally located over the mid-high latitudes and mainly over
the ocean, were first identified by Rex (1950a, b). A breaking down over the prevailing
tropospheric westerly flow at midlatitudes, which is occasionally linked with a separation of a jet
and long-lasting ridging at mid-high latitudes, is denoted by the term “blocking” (Rex, 1950a, b;
lllari, 1984). A dipole blocking pattern is the basic pattern which often occurs within background
westerlies (Luo, 2005b). Weak background westerlies, as a major condition for the development
of blocking high, were first observed by Shutts (1983).

Monopoly blocking often takes place over the North Pacific Ocean and is better analyzed at 250
hPa geopotential height. This type of blocking often takes place during the austral summer season

but can also be identified at other times of the year (Luo and Ji, 1991)

COLs are different from blocking anticyclone highs in terms of potential vorticity (Hoskins et al.
1985). However, both features are formed in a similar way through advection, which leads to the
total cut-off of upper-level isentropic potential vorticity which anomalies of the appropriate sign
(Hoskins et al. 1985). Occasionally COLs tend to cover a smaller area and last for fewer days
than blocking highs. Blocking highs tend to block the westerly flow and synoptic systems better
than COLs. Nevertheless, some COLs can sufficiently cover a large area and last for more than

three days, to meet the index of blocking episodes definition (Pelly 2001).

The development and decaying of blocking are not well understood and its prediction remains a
major challenge for medium-range forecasters over the extra-tropics. A better understanding of
weather characteristics associated with the early development of the blocking pattern increases
the accuracy to forecast weather for several days in advance. Furthermore, the interaction of
migratory, synoptic-scale transient eddies may play a major part for blocking information
(Berggren et al.,, 1949) and (Rex, 1950). The possibility for interaction to cause anticyclone

blocking was successfully demonstrated by numerical simulations (Shutts, 1983; Metz, 1986).

The characteristics of rain-producing weather systems over the country have not been adequately
guantified. This is because much attention has been on the summer rain-producing systems with
regards to simulation of their seasonality, frequency, geographical distribution, duration and size.
Furthermore, seasonal forecast skill for austral winter rain-producing systems is poorer than

forecast skill for summer rain-producing systems. This study has objectively tested the skill of the
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different convection schemes in the Unified Model (UM) in simulating deep moist convection and

rainfall in COL events.

2.5 Cut-off lows and large-scale climate modes

Variability in the occurrence of rain-producing weather systems can be influenced by large-scale
climate modes such as the Southern Annular Mode (SAM) (Reason and Rouault, 2005; Malherbe
et al., 2014), as well as by ENSO (Washington and Preston, 2006; Philippon et al., 2012).

2.5.1 Southern Annular Mode

The SAM, which is also known as the Antarctic Oscillation (AAO), describes the movement of
westerly wind belt form north to south (30-40°S), which dominate the middle to higher latitudes of
the southern Hemisphere (Reason and Rouault, 2005; Bureau of Meteorology, 2012). The change
in the position of westerly wind belt has a significant influence on the characteristics (strength and
location) of cold fronts and mid-latitude storm systems (Reason and Rouault, 2005), which is an
important driver of rainfall in South Africa and southern Australia (Bureau of Meteorology, 2012).

This may lead to extreme droughts over the south-western cape of South Africa (Meque, 2015.)

SAM is characterized by positive and negative phases. During a positive SAM phase, the strong
belt of westerly winds contract towards Antarctica (Bureau of Meteorology, 2012; Kiem and
Verdon-Kidd, 2012). This leads to weaker than normal westerly winds and the dominance of high
pressures over South Africa, Southern America and Australia-New Zealand. Winter over west

South Africa tend to be dry than average (Reason and Rouault, 2005)

Figure 2. 3: The positive phase of the Southern Annular Mode (SAM), with its influence in the

distribution of pressure over Southern Hemisphere (Source: Renwick and Thompson, 2006).
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In contrast, a negative SAM phase promotes an expansion of the strong belt of westerly winds
towards the equator (Bureau of Meteorology, 2012). The movement of the strong westerly wind

belt towards Australia results in more storms and low-pressure systems over Australia.

Negative SAM phase promotes low/negative anomalies pressure systems over southern Africa,
which leads to a northward shift in occurrence of COLSs, cold fronts and mid-latitude storm systems
and increased winter rainfall in west South Africa (Reason and Rouault, 2005), while a positive
SAM phase promotes high/positive anomalies pressure systems over southern Africa, which
restricts the occurrence of COLs, cold fronts and mid-latitude storm systems (Reason and
Rouault, 2005).

The SAM influences winter rainfall through shifting the position of the subtropical jet, changes in
the low-level moisture flux upstream over the South Atlantic Ocean and in the mid-level uplift, low-

level convergence as well as relative velocity over southern Africa (Reason and Rouault, 2005).

2.5.2 EIl Nifio-Southern Oscillation

ENSO is a large scale coupled ocean-atmospheric mode which occurs when the upper tropical
Pacific Ocean and the atmosphere above it change from average condition for several seasons.
This mode has a significant influence on atmospheric circulation pattern and on weather systems
around the globe (Kiladis and Diaz, 1989). ENSO events typically occur every two to seven years
and can last for a period of between twelve and eighteen months (Kiladis and Diaz, 1989). ENSO

is characterized by neutral, EI Nifio and La Nifia phases.

During the neutral state, easterly trade winds strongly blow strongly towards the west over the
surface of the tropical Pacific Ocean, bringing warm moist air as well to the western Pacific and
piling up warm water than eastern equatorial. On the other hand, the Pacific Ocean remains
cooler, which also results in the thermocline being deeper in the west than the east (Aceituno,
1992). Warm moist air over the western Pacific Ocean and high Sea Surface Temperatures
(SSTs) lead to the formation of clouds and rainfall and the ascending branch of the walker

circulation.

In an El Nifio event, trade winds weaken and may reverse blowing towards central and eastern
tropical Pacific Ocean. Warmer than normal SSTs are associated with the deepening of the
thermocline over the central Pacific Ocean (Yeh, 2009). High pressure anomalies over the

western Pacific leads to more rainfall over the eastern Pacific Ocean.
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During a La Nifia events, trade winds become strengthened, with more warm SST anomalies
moves to the north of Australia. SSTs over central and eastern tropical Pacific Ocean become
cooler than average resulting in the thermocline moving towards the surface. It is dominated by

higher than normal rainfall as result of enhanced convection and cloudiness.

Just like SAM, ENSO a large-scale climate mode which has a significant influence on the rain-
producing weather systems, not only during austral summer but also during the austral winter
season over southern Africa. The occurrence of the El Niflo event over the Pacific Ocean, is
associated with wet austral winters over the southwestern part of South Africa (Philippon et al.,
2012). The occurrence of fewer tropical-temperate troughs as well as below-normal rainfall over
the eastern and interior regions of South Africa is also associated with El Nifio events
(Engelbrecht, 2015). It has been indicated that the increased COL frequencies have been
observed during the early phase of La Nifia (Weldon and Reason, 2014). La Nifia events are
associated with increased wet-day frequencies during the months of December and January over
the Cape south region (Weldon and Reason, 2014). As agriculture is important in South Africa,
reliable rainfall forecasts during the austral winter season can be more beneficial for decision
making in the agricultural sector. Thus, this study also reflected on the links between the ENSO

SAM (large-scale modes), with the appearance of synoptic types during austral winter season.

2.6 Forecasting cut-off lows

Even though rainfall over South Africa is attributed to several different types of weather systems,
COL events which often occur during the austral spring and autumn have been associated with
several cases of extreme rainfall (Taljaard 1985). The simulation of rainfall by numerical weather
and climate models is known to have relatively large biases which lead to inaccurate simulations.
Known challenges include the overestimation of rainfall over complex topography, early

convection initiation, and a lack of severity in simulated thunderstorms (e.g. Keat et al., 2019).

2.6.1 Numerical Weather Prediction

NWP models are used to forecast weather up to a few days in advance. Global models used for
this time range are currently running with grid spacings of less than 20 km in international
meteorological centres. For example, the European Centre for Medium-Range Weather
Forecasts (ECMWF) runs its Integrated Forecasting System (IFS) with a grid spacing of 9km,
while the UKMO runs the Global Atmosphere (GA) UM with a grid spacing of 10km. In order to
obtain higher resolution, Limited Area Models (LAMs) can be used (Houze 2004). These models

are only run over a domain of interest, and because of the reduced domain size, they can run with
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higher resolution. LAMs are nested within the global models which provide time dependent lateral
boundary conditions, and this procedure is called dynamical downscaling. Regional
configurations can provide explicit details about small events while the global models can just
indicate the possibility of an event about to take place (Prein et al. and Coauthors 2015). However,
there is still a need to apply global models for forecasting confidence, as the regional models rely
on them for large-scale forcing (Zerroukat 2010). Currently, the simulation of rainfall in both Global
Circulation Models (GCMs) and LAMs with regards to rainfall-producing weather systems still
proves to be a challenge. There are currently biases in predicting the intensity and frequency of
precipitation (Jeong et al., 2011). The biases often occur because these models are applied at
relatively coarse resolution, where convection processes are not resolved explicitly during the
development of small rainfall-producing weather events. Models are then forced to utilize
convective parameterization schemes, which is the dynamical treatment of convection and not

suitable to represent convective rainfall totals (e.g. Liang et al., 2004).

2.6.2 Unified Model

SAWS uses the United Kingdom Meteorological Office (UKMO) UM as its main NWP model. The
UM follows a seamless modelling approach where a single model family is applied for prediction
across different spatial and timescales (Met Office 2019). Thus, this model can be applied both
as a global and a regional model and for NWP, seasonal forecasting, as well as for purposes of
simulate climate variability and change with projections that can extend to hundreds of years (Met
Office 2019). Weather forecasting using NWP models is on the fundamental equations of fluid
dynamics. SAWS started using the UM as its main NWP model in 2006, with a grid spacing of

15km and 12 km, over South Africa and the southern African region, respectively.

Due to improvements in the availability of computational resources the spatial resolution used by
models has been improving over time. This means that when NWP started, hydrostatic models
were used to forecast weather more recently, the atmospheric community has had to move
towards the use of nonhydrostatic models in the recent past to be able to run models with a grid
spacing of less than 10 km (Davies et al., 2005). In 2002, a dynamical core named new dynamics
was developed by the UKMO and resulted in the UM being the first to solve a virtually
unapproximated equation, set the deep atmosphere, non-hydrostatic equations using a semi-
implicit semi-Lagrangian method on a regular longitude-latitude grid. Because of the new
dynamics, global weather and climate predictions were continuously achieved through a
seamless modelling strategy as well as the utilization of a dynamical core at a very high resolution
(£1.5 km grid-spacing) (Wood et al., 2014).
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Synoptic-scale features were smoothed while the model solution was numerically damped by the
application of explicit diffusion and polar filtering as well as the weighting of the semi-explicit to
be fully implicit. To maintain the benefits of New Dynamics whilst improving its accuracy,
scalability and stability the UKMO developed “ENDGame” (Even Newer Dynamics for General
atmospheric modelling of the environment) for both global model and regional configurations
(Wood et al. 2014). The main atmospheric prognostics include the three-dimension 3-D wind
components, Exner pressure and dry density, as well as virtual dry potential temperature. The
free tracers in this dynamical formulation include moist prognostic-like mass mixing ration of water
vapour and prognostic cloud fields. All these prognostics are discretized onto a regular longitude-

latitude horizontally.

2.6.3 Application of the 4.4 km Unified Model at SAWS

The model user chooses horizontal and vertical resolutions, but more often the resolution is
determined by the available computer power as well as the value of the standard resolutions
which tend to be used. Like other operational forecast centres such as Met Office, Japan
Meteorological Agency (Narita and Ohmori 2007) and Germany’s National Meteorological Service
(Steppeler et al. 2003), SAWS has also moved towards higher-resolution model for forecasting
short-range weather systems. This is to improve the prediction of different convective systems
which are associated with extreme events. At SAWS, the improved computational resources as
a result of the procurement of the CRAY XC30 in 2015 made it possible to decrease the grid
spacing of the models. SAWS improved the grid spacing used for the UM from 15km and 12km
to 4.4km in 2016, and the simulations are made over the whole of southern Africa (from equator).
High-resolution models are able to represent mesoscale features and convection explicitly when

compared with other coarser resolution models (Holloway et al., 2012).

The skills of different configurations of the UKMO UM composed of 12, 4 and 1 km grid lengths
were analyzed over the United Kingdom (Lean et al. 2008). The analysis indicated 4 km and 1
km grid length models with more realistic observation of precipitation fields as a result of explicit
representation of convection instead of parameterization (Lean, et al. 2008). The models were
tested in relation to the subjective evolution of the precipitation, the initiation and rainfall amount
for several convective cases which occurred during a 2003, 2004 and 2005 summer seasons. As
the result its grid size which poorly reproduced convection, the 4 km model poorly simulated large
convective cells with delayed initiation (Lean, et al. 2008). It is important to examine the skills of

a higher-resolution models in producing more realistic and accurate simulations in other parts of
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the world, thus in this study we test the skill of the 4.4 km model in simulating deep moist

convection in recent COL events over South Africa.

2.6.4 Importance of the model

Increased resolution enables the model to resolve and simulate convection explicitly better than
models that rely heavily on parameterizations. Done et al. (2004) found a realistic representation
of areas associated with deep moist convection when reducing the model resolution towards 1
km for convective systems. Improved forecasts of the 4.4 km resolution model can be used to
give a detailed and reliable weather guidance which are essential for decision-making on different

timescales for different regions.

High resolution models can be applied for analyzing historical weather observation, in order to
manage climate risk (Jayakumar et al. 2017). These analyses can be useful for different sectors
for example, they can be used in agricultural for activities such as the choice of crops and
minimizing the failure of crops. They can also be used to produce forecasts of the routine and
hazardous weather conditions. However, the main key question particularly to the operational
forecast center, is whether the high-resolution models are able to simulate rainfall accurately

during the occurrence of convective weather systems over South Africa.

2.7 Impacts of cut-off lows

COLs are important for stratosphere—troposphere exchanges, as well as for deep moist
convection. Stratosphere-troposphere exchange during the occurrence of COLs is important for
the downward transportation of ozone and other reactive species into the troposphere (Johnson
and Viezee, 1981). This can play an important role in the radiative flux balance in the troposphere
and lower level of stratosphere, which influences the radiative forcing of the global climate
(Ramaswamy et al., 1992). The occurrence of COLs over South Africa is accompanied by an
intrusion of stratospheric air into the troposphere. This is also associated with an ozone

enhancement. (Barsby and Diab, 1995).

In South Africa, there are several documented cases of sever rainfall associated with the
occurrence of COLs. This is because cold air aloft in COLs promotes deep convection, which
results in the persistent heavy rainfall. Surface depression which may develop below these
systems are also associated with a significant rainfall (Palmen and Newton, 1969). A blocking
ridging anticyclone may continue to steer a cold and moist southerly airflow from the Southern

Ocean.
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In some regions, such as Europe, the Mediterranean and Australia, COLs are associated with
heavy precipitation which may persist for a long time (Sabo, 1992). Hu et al. (2010) indicated that
most of the convective events which occur over northern China are often associated with the
occurrence of COLs. In June and August 1998, COL events led to a record flood which caused a
severe damage to the economic activities and societies of northern China (Zhao and Sun, 2007).
Over West Africa, a COL system led to rainfall of up to 116 mm per day during the cool season
of 9 to 11 January 1981 (Molekwa, 2013). Over South Africa one out of five COLs are normally
associated with flood events, particularly over the southern and eastern coastal belts of the
country (Taljaard, 1985).

It has been widely accepted that extreme weather events such as heavy rainfalls, snow or thick
fog have a significant impact on the performance of the transport system (Nelson and Persaud,
2002). In major cities high intensity rainfall is associated with a significant impact on freeway
capacity as well as operational speed (Chin et al., 2002). Thus, it is crucial to consider the regions
which are associated with heavy precipitation during the occurrence of COLs, when improving

transportation facilities.

Most agricultural activities over southern Africa are rain-fed and extreme rainfalls often impose
adverse impacts on the agricultural crops, such as sorghum, millet and maize as well as livestock
and other forestry-based activities (Nhemachena et al., 2014). Excess water from extreme rainfall
can lead to soil water logging, anaerobicity and effects on the plants growth rate (Gornal et al.,
2010). Excess water can also indirectly delay farming operation because agricultural machinery
may not work properly on a wet surface (Kettlewell et al., 1999). Crop production is greatly
influenced by the distribution of rainfall and is a dominant source of food production over South
Africa, which makes it important to simulate areas associated with heavy rainfall patterns over the

country.

2.8 Summary

Most of the previous studies about COLs described the characteristics of the systems whereas
some considered the processes which are responsible for the associated extreme precipitation
over the south west region. Some studies have well analyzed the influence of topography and
SSTs on the occurrence of COLs managed to quantify the importance and contribution of COLs

to the total rainfall over the Eastern Cape Province.
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CHAPTER 3
DATA AND METHODS

3.1 Introduction

The meteorological characteristics, location and duration of the recent COL events may be
evolving in response to the changing climate. It is therefore essential to understand the

characteristics of recent occurring events, to improve their predictability.

The aim of this chapter is to present the primary datasets used to analyze the characteristics of
the COL as well as their sources. The study employed several long-term (1979 to 2017) seasonal,
monthly and daily datasets from secondary data sources. This chapter also indicated the suitable
approaches which were used to analyze the meteorological structure, physical and

thermodynamic processes associated with occurrence Cut-off Lows (COLS).

3.2 Long-term rainfall and temperature data

Rainfall and both maximum and minimum air temperature data were obtained from the South
Africa Weather Service (SAWS). In this study, these long-term datasets were used to analyze the
annual distribution of rainfall and temperature patterns over South Africa. This helps to examine
the distribution pattern of rainfall and temperature from 1979 to 2017 over the country. Rainfall
and temperatures are some of the primary data which are used to analyse the characteristics of

COL events, thus is important to understand their long-term distribution over the country.

SAWS is a member of the World Meteorological Organization (WMQO), managing the process of
meteorological and climatological data over the country since 1936 (SAWS, 2017). Rainfall and
minimum temperature are measured at 08:00 South African Standard Time (SAST) every day in
the morning, whilst the maximum temperature is recorded at 15:00 South African Standard Time
(SAWS, 2017). During the measurements, rainfall accumulates in the bucket of the rain gauge,
which is then poured in a calibrated measuring glass where the millimeter reading is recorded
(SAWS 2017).

3.3 Satellite data

3.3.1 Climate Hazards Group InfraRed Precipitation with Station data

Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) is a quasi-global rainfall

dataset which can a period cover a period of more than 30 years (Katsanos et al. 2016). This
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dataset incorporates in-situ station data to create and satellite imagery with 0.05 resolution.
CHIRPS is often used to create gridded rainfall time series for trend analysis and seasonal
drought monitoring (Katsanos et al. 2016). CHIRPS was used as observation against the UM
simulations for identifying the areas of deep moist convection during the occurrence of COL
systems over South Africa. CHIRPS dataset was mostly applied were the ECMWF datasets were

unable to create plots against the model.

3.3.2 HIRS Out-going Longwave Radiation data

Out-going Longwave Radiation (OLR) is the emission of terrestrial radiation energy from the top
of the earth’s atmosphere to space as longwave radiation. Characteristics of OLR are greatly
influenced by the temperature of the earth and the atmosphere above it, the presence of water

vapor in the atmosphere as well as clouds. The flux of energy within an ORL is measured in W/m-

2

The amount of OLR is typically lower towards the poles (colder regions) as well as over the tropical
(regions of convective clouds and thunderstorms), while higher values are found over the desert
regions, dry (mid-upper troposphere) ocean regions, which are characterized by hot, dry and clear
sky conditions (Fig. 3.1). Hence, lower values of OLR in the tropics and subtropics indicate the

presence of deep convective clouds and rainfall.

The long-term daily OLR data was obtain from the High-Resolution Infrared Radiation Sounder
(HIRS) radiance observations of the National Oceanic and Atmospheric Administration (NOAA)
Television Infrared Observation Satellite (TIROS-N) series and MetOp satellites through The
Royal Netherlands Meteorological Institute (KNMI). The OLR retrieval is achieved by using
multispectral regression (Urbain et al., 2017) which includes HIRS radiance calibration, OLR inter-
satellite adjustments, and temporal integral with OLR diurnal models for a better final product (Lee
et al., 2007).

The final product is mapped into 2.5° by 2.5° equal angle grid (144x72, total 10368 grids over the
globe) (Gruber and Krueger, 1984). The HIRS OLR is significant compared with other OLR data
like the Advanced Very High-Resolution Radiometer (AVHRR) from NOAA Polar Operational
Environmental Satellites (POES) (Schreck et al., 2018). HIRS OLR is an intersatellite-calibrated
product for better recording of OLR. AVHRR OLR utilizes the day and nighttime records provided
by only one satellite leading to difficulties when dealing with huge daily OLR values. The spectral

channels of the HIRS consider atmospheric aspects which influence values of OLR for better

25

© University of Venda



()

o
- A
University of Venda

recording. HIRS significant for both regional and large coverage weather system which are

associated with deep convection (Schreck et al., 2018).

In this study, long-term seasonal OLR data were used to evaluate the seasonal distribution of
OLR from 1979 to 2017. Furthermore, daily OLR data were used to analyze areas associated

with a deep moist convection during the occurrence of COLs from 2011 to 2017.

Figure 3. 1: Distribution of Mean annual Outgoing Longwave Radiation (OLR) values in W/m-2
over poles, tropical, deserts and warm dry ocean regions during the period 1974-2006 from
NOAA.

3.3.3 High cloud cover
Clouds have a significant role in the earth’s climate systems. Due to their effects on the
characteristics of precipitation, solar and terrestrial radiation. Cloud cover can be defined as a

fraction of the sky covered by clouds when detected from a certain angle.

It is crucial to define a geographic area which is typically associated with High Cloud Cover (HCC)
and heavy rainfall during the occurrence of COLs over South Africa. Caruso and Businger (2006);
and Buckley et al. (2007) have shown that mature COLs are usually characterized by clouds over

the eastern flank, drawing a comma pattern.

Typically, the warm conveyor is linked to the stratiform clouds over the eastern flank and
surrounding the low-pressure center. This is promoted by instability generated by the availability
of the cold pool, which enhances the development of cumulus and cumulonimbus (Buckley et al.,
2007). Nevertheless, HCC is not often always associated with deep convection. Often fair-
weather cirrus, cirrocumulus and cirrostratus may be present due to e.g. upper divergence, the

left entrance and right exit of the subtropical Jetstream.
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Over southern Africa, COL rainfall is more likely located over the east and polar side of the system
and extending from the cold-core center by a few hundred kilometers (Taljaard, 1995). Due to
the influence of orography, onshore winds which are linked with COLs and sometimes a low land
narrow jet, tend to bring heavy rainfall over the coastal mountains (e.g. Singleton and Reason,
2006a). Dalily fields of HCC from ECMWF were used to investigate the location, type and structure

of the clouds associated with the occurrence of severe COL systems over South Africa.

3.3.4 Satellite imagery

The analysis of satellite imagery when investigating mid-latitude systems which are characterized
with warm, cold dry and moist airmasses is very important. Satellite imagery can be used to
identify areas which are associated with deep moist convection and cold air at the surface
(EUMETSAT 2016). Infrared (IR) satellite images are used in this study instead of visible (VIS)
images as they are available throughout 24 hours. Visible images depend on reflection of visible
light and are therefore only available during daytime. Infrared images are based on cloud top
temperature such that deep convective clouds appear brighter than lower level clouds as they are
colder and may contain ice crystals. To identify areas of deep moist convection during the
intensive stages of the COL systems, this study used Meteosat Second Generation (MSG) IR
10.8i and MSG Airmass RGB satellite images from the European Organisation for the Exploitation
of Meteorological Satellites (EUMETSAT, 2019). EUMETSAT operates meteorological satellites
system which include geostationary and polar orbit which observe the characteristics of the
atmosphere, ocean and land surface throughout a year (EUMETSAT, 2019). The earth

observation data can be provided world-wide for weather, climate and environmental monitoring.

3.4 Reanalysis and derived data

This study used the reanalysis datasets from the National Centers of Environment Prediction
(NCEP) Reanalysis Il and European Centre for Medium-Range Weather Forecasts (ECMWF) for
significant analysis of COL characteristics over South Africa. NCEP-NCAR reanalysis Il is
consists of datasets that are continually representing the state of the earth’s atmospheric

variables since 1948 (Kalnay et al., 1996).

Reanalysis is a scientific method where observations and numerical model that simulate similar
variables are assimilated into an atmospheric model to create more accurate representation about
the Earth System. Reanalysis data can be used to analyze evolution of both weather and climate
(Bengtsson et al., 2004).
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Global Precipitation Climatology Project (GPCP) and OLR datasets from 1979 to 2017 from NCEP
Reanalysis Il datasets were used for developing long-term rainfall and OLR seasonal patterns
over South Africa while the ECMWF provided different daily atmospheric datasets for the

observed COL events.

NCEP reanalysis is often updated and assimilation observations into a Numerical Weather
Prediction (NWP) model for the representation of the Earth’s atmosphere state. Data are
represented at a horizontal resolution of 2.5° x 2.5° at different pressure levels in the vertical.
Data are available at 6-hourly intervals, 00:00 Zulu Time (Z), 06:00 Z, and 12:00 Z and 18:00 Z
(Kanamitsu et al., 2002).

ECMWEF is an intergovernmental organization which contains one of the largest archives of
numerical weather prediction data. ECMWF was formed in 1975 to improve Europe’s
meteorological services and institutions in the production of the medium range timescales
forecasts. The center makes available of twice-daily global numerical weather forecasts, analysis
of air quality and ocean circulation, hydrological prediction as well as the monitoring of

atmospheric composition (Jolliffe and Stephenson, 2012).

The ECMWF website can provide climate analysis, re-analyses current forecast and various
observational datasets. The availability of ECMWF products is disseminated through point-to-

point distribution, data servers and broadcasting (Gibson et al., 1999).

To improve accuracy and utility of NWP forecasts, ECMWF exploits satellite data for NWP and
seasonal forecasting with EUMETSAT, ESA, EU and a European Science community.
Atmospheric datasets for atmospheric composition which are useful in for this study, are provided
by Copernicus Atmosphere Monitoring Service (CAMS) which combine both atmospheric

modelling and Earth observation (Gibson et al., 1999).

3.4.1 Geopotential height

Geopotential height is a representation of the height of a particular pressure surface in
the atmosphere, utilizing gravity together with latitude and vertical position to adjust
geometric height which can be seen from the hypsometric equation, derived from the

hydrostatic equation and the ideal gas law:

h=2, —Z; = Rdlv ppy (%), (Equation 3.1)
2

g

Where, Z, and Z, are geometric heights at pressure levels P; and P, , respectively. R is the
gas constant for dry air, T, is the mean virtual temperature of the layer and g is gravity.
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The daily geopotential height fields at the 500 and 850 hPa level were obtained from the ECMWF.
At 500 hPa, the geopotential height was used to identify the closed center associated with the
occurrence of a COL. Near the surface at 850 hPa, geopotential height was used to examined
the circulation pattern which was associated with different identified COL systems from 2011 to
2017. The near-surface (850 hPa) geopotential height fields are open used to represent the
surface circulation over the country because they represent a height of 1.500 m which is just

above the height of the interior plateau of South Africa (Engelbrecht, 2016).

3.4.2 Potential vorticity

Potential Vorticity (PV) can be defined in-terms of the air parcels within two isentropic surfaces.
PV consists of the absolute vorticity as well as the measurement of the thickness of a column of
air. During the formation of COL, higher PV from the stratosphere is transported towards the
base of the trough. In this case, PV in pressure (p)—coordinate (q) is defined as (Hoskins et al.
1985)

q=—-9(fk+ Vp X V). Ap9 (Equation 3.2)

Where g represents gravitational acceleration, f is the Coriolis parameter, k is the unit vector
in vertical, Vp is the (x, y, p) three-dimensional gradient operator, V is the wind vector, whilst 8

is the potential temperature.

Potential vorticity data from ECMWF in relation to the closed lows was used to validate the
occurrence of the identified system. COLSs can be significantly identified by a pool of high potential
vorticity in the upper troposphere Cyclonic (negative) potential vorticity near the upper levels is
very important for tracking areas where the COL is intensifying more often at the areas of vertical
uplift (Hoskins et al., 1985). This is because areas of convergence in the mid-levels of the
atmosphere promote uplift which enhances negative potential vorticity in the upper atmosphere.
Therefore, COLs will be characterized by a strong pool of negative potential vorticity in the upper
atmosphere which descends towards the surface. This pattern may also be useful to determine
the depth and vertical extent of COL events.

3.4.3 Vertical vorticity (Omega)

Vertical vorticity depends on some of horizontal wind which determines whether the flow is rising
or sinking along a vertical axis in the atmosphere. It is also one of the most important parameters
used to analyze the convective activities during COL events. This is because of its capability of

showing uplift or subsidence of air parcel. Vertical vorticity is expressed as:
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_ bp -
w=_". (Equation 3.3)

Where, Dp is the change in pressure whilst Dt is the change in time. As the pressure decreases
with height in the earth’s atmosphere, w is positive for subsidence and negative for uplift. The

daily fields of vertical vorticity from the ECMWEF is used to investigate the vertical motion air for
the development of high cloud cover and heavy rainfalls during the occurrence of COL systems.

Areas of negative values of Omega coincide with regions where upliftment is taking place.

3.4.4 Temperature fields

The daily-average temperature fields at 500 hPa from ECMWF were significant for identifying and
tracking COLs in South Africa. Since COLs are displaced from the mean westerly winds, they
are defined as a cold cored of closed -low at 500 hPa. Near the surface, COLs are also associated
with cold conditions. Thus, this study employed daily temperature fields from both 500 hPa and
850 hPa to analyse the temperatures associated with the identified systems.

3.4.5 Relative humidity
Relative Humidity (RH) is defined as the amount of water vapour available in air parcel expressed
as a percentage of the amount required for saturation at the constant temperature. RH can be
expressed by the following formula: -
RH = Z—d .100 (Equation 3.4)
a

Where, e; is the actual vapour pressure whilst e, is the saturated vapour pressure.

The amount of RH generally depends on the temperature of the day. Low RH is often experienced
during the hottest time of the day while high values are experienced during sunrise when

temperatures are low.

Relative humidity (RH) was obtained from the European Centre for Medium-Range Weather
Forecasts (ECMWF). RH fields were used to evaluate the mean COL structures associated with
high relative humidity. Typically, COL structures are linked with wet conditions (positive
anomalies) over the eastern flank and drier conditions (negative anomalies) over the western side
of the low center (Favre et al, 2012). Thus, COL systems are characterized by high values of RH

over their eastern flank.
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3.4.6 Vector winds

Vector winds represent the flow of air masses in the atmosphere. They are described by wind
speed and the direction where the wind is blowing from. Over the coastal regions, higher wind
speeds are often linked with high rates of evaporation and latent heat fluxes into the atmosphere
which, may promote deep convection and heavy rainfall (Raymond et al., 2003). Wind fields at
corresponding pressure level, are useful in identifying the cutting off process of the system from
the main westerly flow. Zonal wind (u) is defined as the latitudinal (west to east) flow of the
atmosphere whilst meridional wind (v) represents the longitudinal (south to north) flow in the

atmosphere.

The components (u and v) of the wind at different atmospheric pressure levels (500 and 850 hPa)

were obtained from ECMWEF on 23 pressure levels on a 2.5° grid (http://www.ecmwf.int ). Wind

components are reported eight times in 24 hours and are based on surface assimilation, aircraft
and satellite data which are quality controlled before being made available to users online. In the
present study, wind vector aids in depicting areas of deep moist convection (where low and middle

winds converge) during the occurrence of COL events.

3.4.7 Convective Available Potential Energy

Convective Available Potential Energy (CAPE) is the amount of energy contained within a parcel
of air at a certain distance when measured vertically through the atmosphere. CAPE can be used
as an instability index to determine the instability of the atmosphere and its tendency for
convection to occur. It is determined by means of integral of a vertical profile of buoyancy and it
has been utilized for various studies. CAPE can be used to investigate the convective potential of
the tropical atmosphere (Williams and Renno, 1993). It is computed between the Level of Free
Convection (LFC) and the Level of Neutral Buoyancy (LNB) within a vertical profile of from the

bottom to the top of a layer, respectively.

LNB

CAPE = [ Rq X (T,p — Ty )dnl(p) (Equation 3.5)

Where, LNB is the level of neutral buoyancy of a cloud, LRC is the level of free convection of a
cloud, R, is the gas constant of dry air, T,,, is the rising air parcel, and T, is the environment within

two specific height levels

After rising dry adiabatically, air passes through the Lifting Condensation Level (LCL) and

continues to rise pseudo adiabatically promoting the formation of cloud and possibility of rainfall
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(Riemann-Campe et al., 2009). The air parcel rises freely between the bottom and top of clouds

because its temperature and hence buoyancy are greater than the temperature of its environment.

CAPE values over the Sahara arid zone are typically about 500 J kg—1, while over the equator
they can reach 2000j kg-1. The minimum values of CAPE are often observed over regions of cold
water, where currents are colder than the temperatures of ambient oceans (Meukaleuni et al.,
2016). Usually high CAPE characterizes the regions dominated by inter-tropical convergence
zone (ITCZ) or subtropical convergence zone such as South Pacific Convergence Zone (SPCZ)
or the South Indian Ocean Convergence Zone (SIOCZ). CAPE was used to identify areas
associated with high convective potential energy which will verify the occurrence of HCC and

heavy rainfalls during COL events over South Africa.

Due to the unavailability of OLR datasets for 2017, daily CAPE datasets from the ECMWF were
used to identify areas identity associated with deep moist convection instead. Low values of OLR
and high values of CAPE can be used to complement area associated with deep moist convection

and rainfall.

A better analysis of the primary parameters (Table 3.1) associated with the occurrence of COL
systems may increase the understanding of the variability and evolution of COLs over South

Africa.

Table 3. 1: Primary characteristics associated with the occurrence of COL weather systems

over South Africa.

Characteristics of COLs Description
Latitude of occurrence Latitudes between 20° and 45° South
Potential Vorticity Cyclonic PV
Precipitation Heavy rainfall exceeding 50mm at a given station over a

24-hour period.

Temperature Cold conditions, maximum temperatures of 15°C or below
as they are cold cored systems, with the central air
originating from the higher (colder) latitudes.

Wind field Surface gale force winds exceeding 17 m/s

Depth of systems Extend from upper levels down towards the lower levels of
the atmosphere, 200 hPa - 850 hPa.
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Associated surface low level | Surface low and/or cold front and sometimes a mesoscale
systems low near surface (Singleton and Reason 2007b). It is

possible to have a ridging high-pressure system as well.

3.5 Methods of Analysis

Several studies have successfully developed the climatology of COLs over the country. Singleton
and Reason, (2007a) analyzed the variability in the characteristics of COL pressure systems over
subtropical southern Africa (20-35° S) from 1973-2002. The study analyzed the seasonality,
frequency, duration, location and size of different COL events over the country as well as
interannual variability of relationship with ENSO and the semi-annual oscillation. Furthermore,
Molekwa (2013) also analyzed the spatial distribution of COL weather systems over eastern and
south-eastern parts of the country from 1979 to 2009. Molekwa (2013) Identified 212 COLs
events, 60 of the 138 systems which transit over the Eastern Cape Province were linked with
significant impacts heavy rainfall. Most of the identified COL events occurred during March-April-
May (MAM) and June-July-August (JJA). About 50% lasted for 3 to 4 days, with most of the rainfall

occurring in the last day of the events.

In this study, the meteorological structure, physical and thermodynamic processes of COL events
which were associated with heavy rainfall from 2011 to 2016 are studied. This was done to
examine the characteristics evolution of these weather systems as well as their predictability over
South Africa.

3.5.1 Methods of Identification of Cut-off Lows
Geopotential height, temperature and vorticity fields from the ECMWF were utilized to develop a
method to identify COLs in this study.

a) Aclosed and cold cored low-pressure system should be present in the mid-upper troposphere
from 600— 300 hPa.

Usually COLs are defined by a cold-cored depression that is developed by an upper westerly
deepening into a closed circulation (Preston-White and Tyson, 1988). To be certain that tracks
originate from an extra-tropical origin, cut-off from the westerly waves and characterized of cold

core, the test described in Favre et al. (2012) is used for this closed-low track dataset.

Some studies have defined COLs on the 300 hPa pressure level with a closed geopotential height
contour lasting for more than 24 hours (e.g. Singleton and Reason, 2007b). For this study, the

geopotential height fields at 500 hPa were used in identifying and tracking these systems.
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Furthermore, the identification of these systems at 500 hPa was used to analyze their distribution
over region A and B of the study area. Locations of the COLs were determined according to their

closed low on the first day of development.
b) Near-surface synoptic patterns which are associated with the occurrence of COLs

Even though COLs are categorized as low-pressure systems (Taljaard, 1995), their surface
synoptic patterns can be characterized by either a strong low-level wind jet, ridging high-pressure
systems and cold fronts (Engelbrecht et al. 2015). To investigate the near-surface synoptic
patterns in relation to the identified COL systems over the land, 850 hPa geopotential fields were
used to analyse circulation over the land. Some systems can be dominated by troughs, surface
lows or highs or both surface lows and highs. This will be significant for analysing the
characteristics of different systems in relation to their near-surface synoptic pattern. Furthermore,
the accuracy of the UM in simulating COL systems with different synoptic patterns at 850 hPa.

c) Strong pool of negative potential vorticity field from the stratosphere into the upper

troposphere.

COLs are formed by an intrusion of polar stratospheric air with high cyclonic potential vorticity
(e.g. Singleton and Reason 2007b). The formation of COL is characterized by the anomalous
values of PV making it to be a useful quantity for tracking COLs. This is because of the tropopause
folding and the as well as the isentropic advection of stratospheric air from the extra-tropics (Van
Delden and Neggers, 2003).

d) A convectively unstable atmosphere and heavy rainfall

Air within COL is colder than its surroundings due to its originating from higher latitudes, which
often promote deep convection as the relatively cold air in the middle/upper troposphere helps to
destabilize the atmosphere. Typically, rainfall associated with cold cored systems are detected
some several kilometers to the northeast, east and southeast of the systems. The analysis of the
COL datasets from 1979 to 2011 indicated heavy rainfall over the west of the system (Favre et
al. 2013).

The duration of a COL is defined as a life span of a system, from the day it is identified with a
closed low at 500 hPa, to the day, the closed low dissipated (Molekwa 2013). To analyse the
duration of the identified COL events, the duration of systems was categorized into three groups;

namely, those that lasted for 1 to 2 days, those that lasted 3 to 4 days as well as those that lasted
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for more than 4 days. Mostly COL systems which only last for one to two days are regarded as

weak and quick-moving (Prince and Vaughan, 1992).

The study area was divided into two regions (A and B) (Fig. 1.2) to define the location of the
systems. A The locations of the COLs were determined according to their closed circulation on

the first day of development using the 500 hPa geopotential height fields.

3.5.2 Analysis of Cut-off Lows characteristics

Following Singleton and Reason (2007) and Molekwa (2013), who analyzed the characteristics
of COLs from 1973 to 2002 and 1979 to 2009 respectively, the current study analyzes the
meteorological structure, physical and thermodynamic processes associated with occurrence of
severe COLs and their predictability from 2011 to 2017.

From 2011 to 2017, eight COLs were identified using daily geopotential height data fields from
the ECMWEF. Furthermore, the systems were categorized into two groups according to their
synoptic characteristics at 850 hPa. COLs which were linked with low-pressure system at 850
hPa were grouped together whilst those which were associated with a ridging high system were
also grouped together. This was done to analyse the influence of high and low-pressure systems
at 850 hPa as a driving mechanism during the occurrence of the COLs over the land. Lastly the

accuracy of the 4.4 km UM was tested in testing both high and low-pressure associated COLSs.

COLs often form over the South Atlantic Ocean and transit across different provinces of the
country to the south Indian Ocean. These types of COLs lead to the cold conditions and heavy

rainfall cross different parts of the country.

3.5.3 Trend analysis

Long-term analysis of trends is also important to determine the pattern of climatological variables
over time. Trends may be linear or non-linear and can be used to predict the characteristics of a
certain variables in the future. In this study, this method was used to analyze the patterns of
rainfall and OLR from 1979 to 2017. A better understanding of long-term OLR and rainfall patterns
over South Africa is significant for the identification of extreme values of similar variable

associated with the occurrence of severe COL system.

3.5.4 Composite analysis
Composite analysis is a method which is used to diagnose the characteristics of one or more

variables events of similar nature e.g. El Nifio events. Composite analysis can show patterns in a
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group better than individual cases (Nash and Endfield, 2008). Seasonal, monthly and daily
extremes of different parameters can significantly bring out the daily characteristics COL events
as they last for few days. In this study, this method investigates the correlation of the primary

datasets during the occurrence of the COL systems.

3.5.5 Self-Organizing Maps

A Self-Organizing Maps (SOMs) is the classification and pattern recognition method used to
diagnose climate parameters and anomalies that characterized certain events over the study
period (Kohonem, 1982). For the purpose of this study, SOMs are used to create charts to
investigate the anomalous characteristics of atmospheric and surface primary variables which
linked with severe COL systems over South Africa. Firstly, synoptic maps showing anomalous
closed geopotential height at 500 and 850 hPa were created. This was done to identify the location
of the systems as well as investigating the near surface circulation associated with the identified
systems. The maps with the closed lows were further checked against the total precipitation,

temperature, CAPE, and OLR charts to complement the occurrence of the weather systems.

3.5.6 Unified Model simulations

The study will test the skill of the 4.4km UM data in simulating areas of deep convection and
rainfall in COLs. The comparison was made for COL events which were experienced from 2016
to 2017, because the resolution of the UM was increased to 4.4km in 2016, while prior to that a
grid spacing of 12km and 15km was used. The data analysed here, was produced on an
operational basis at SAWS. The model simulations are at SAWS are updated four times a day,
and therefore there is a 6-hour time step between each model run. The 24hr precipitation

simulations from the 4.4 km UM are compared with the era-interim 6-hourly total precipitation.

To investigate the skill of the model in simulating location and areas of the deep moist convection
of the identified systems, the model simulated geopotential height at 500 hPa and precipitation
from simulations initiated with the 00Z, 12Z and 18Z observations are analysed. It may be noted
that the simulations initiated from 06Z observations had to be deleted due to storage issue at
SAWS and were therefore unavailable for this study. All three model outputs were compared with

the observed 6-hourly total precipitation from ECMWF.

3.5.7 Visual inspection
This is the process of evaluating the accuracy of a forecast in predicting certain variables. This is
done by comparing forecast with observation all together to determine the accuracy of the model

(Cassola et al., 2015). Even though the result of the method is not quantitative, it can provide a
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better pattern of the variable being analyzed. It is recommended that the method must be applied
with caution in any formal verification procedure to avoid biasness during interpretation
(WMO,2000). In this study, this method was significantly applied to identify the accuracy of the
model in simulating the areas associated with the occurrence of deep moist convection. The 6-
hourly closed geopotential height at 500 hPa and precipitation charts were verified with the

observed 6-hourly closed geopotential and total precipitation from ECMWF.

3.5.8 Case study approach

A case study approach is defined a way of examining the characteristics of a certain event,
phenomenon, or other observations over a certain period. In this study, a case study approach
was used to examine the characteristics which were associated with the occurrence of COL
events from 2011 to 2017. The approach further examines if the model was accurate in simulate

the experienced weather characteristics which were associated with the events.

3.6 Data display
3.6.1 The Grid Analysis and Display System

Grid Analysis and Display System (GrADS) is an interactive desktop tool that is used for
accessing, manipulation and visualization of earth science data. It was developed in 1988 by
Center for Ocean-Land-Atmosphere studies, institute of Global Environmental and Society at
George Mason University. The format of data can be binary, NetCDF, HDF-SDS, or GRIB files
(Doty 1995). GrADS may be used to overlay certain variables together for better analysis of their
correlation. For this study, GrADS was used to map spatial patterns of weather and climate
variables at a different atmospheric level. Furthermore, it was used to plot line graphs comparing

the simulated and observed rainfall.

3.6.2 Royal Netherlands Meteorological Institute Climate Explorer
The KNMI climate explorer is a web application which one can use to statistically analyse climate
data https://climexp.knmi.nl/start.cqi . Initially in 1999, it was used to analyse ENSO

teleconnections and then developed to an analysis tool of more than 10 TB of climate data over
the years. Most of its observational data are updated every month with more data provided by
external sites on request. Available data is generally split between time series and spatial field.
Station data, climate indices, reanalysis products, climate model output, seasonal and decadal

forecasts can be accessed through this tool (Trouet, 2013). Furthermore, the explorer consists of
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a set of shell scripts and Fortran programs and runs under Linux and Mac OS X. In this study,

KNMI climate explorer was used to access rainfall and OLR daily data.

3.6.3 National Aeronautics and Space Administration Giovanni

Nasa Giovanni is an online web application which may be used to visualize, analyze and obtain
remote sensed data particularly from National Aeronautics and Space Administration (NASA)
satellites. Giovanni was derived from Goddard Earth Sciences Data and Information Service

Center. https://giovanni.gsfc.nasa.qov/giovanni/

Giovanni can be used to visualize time-averaged map, area-averaged time series, scatter plot,
vertical profiles and accumulation map. This web application provides data for aerosols,
atmospheric chemistry, temperature and moisture as well as rainfall. It can also provide an output
from assimilation models covering atmospheric, oceanographic and land surface parameters
(Acker et al., 2014). Giovanni was used to obtain precipitation satellites data associated with the

identified COL events to complement the accuracy of the observational data

This online web application is often preferred for high school and undergraduate research as it
provides uncomplicated access to remote sensed data (Acker et al., 2014). Through manipulating
imagery, students tend to gain knowledge on investigating Earth’s interconnected geophysical

and biological components through using remote-sensing data (Lloyd et al. 2008).

NASA satellites consist of an advanced radar (radiometer) systems for accuracy measurement of
precipitation from space. Thus, Giovanni can provide a vertical profile of precipitation from the

surface up to a height of about 20 km.

3.7 Summary

The primary datasets of this study were obtained from secondary sources, which include KNMI,
ECMRWEF and NCEP NCER Reanalysis Il. The annual and seasonal cycles, as well as the spatial
patterns analysis for both rainfall and OLR from 1979 to 2017, were achieved by using KNMI and
NCEP Reanalysis Il datasets. The identification of the COL weather systems and analyses of
their associated meteorological structure, physical and thermodynamic processes was achieved
by using daily data fields the ECMWF. Furthermore, the observational datasets which were used
against the simulations of the model were also obtained from the ECMWF. Self-organized maps
and line graphs showing the characteristics primary variable of the COL systems were created
using GrADS. Furthermore, the characteristics of variables for the identified systems were
verified by quick plots created on KNML Climate Explorer and Nasa Giovanni online web

applications.
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Chapter 4

Evolution and meteorological structure of recent cut-off lows over
South Africa

4.1 Introduction

In this chapter, Cut-off low (COL) events which were associated with deep moist convection and
heavy rainfall events from 2011 to 2016 were identified and analyzed. At first, seasonal mean
cycles and patterns of global precipitation climatology project (GPCP) rainfall as well as the
outgoing longwave radiation (OLR) from 1979 to 2017 over South Africa. GPCP and OLR are the
primary datasets employed in this study. The chapter seasonal distribution of COLs during this
study period is determined whilst systems are analyzed as case studies for their dynamic and

thermodynamic structure and their associated impacts over the affected area.

4.2 Mean annual cycles of rainfall and Outgoing Longwave Radiation over
South Africa

South Africa is characterized by high interannual rainfall variability, which may be linked to
fluctuation of sea surface temperatures (SSTs) in several local and remote ocean regions.
Changes in temperatures of the surrounding ocean basins have a significant influence on the
distribution of rainfall over the country. Warm SSTs (>28° C) over southwest Indian Ocean and
the Mozambique Channel are conducive for tropical cyclogenesis which may lead to the heavy

rainfalls over the region.

As defined in chapter 1, region 1 of the study area tends to receive most of its rainfall during the
mid-summer season. Over this region, the December and January months tend to record average
rainfall of between 120 mm to 130 mm (Fig. 4.1). These months are characterized by a significant
number of heavy rainfall days (Rouault and Richard 2003). The period from April to September is
predominantly dry with little rainfall. Rouault and Richard (2003) found this region to exhibit the
biggest difference between summer and winter rainfall. However, a COL event may occur and

provided heavy anomalous rainfall during the dry season.

High rainfall during the early austral summer rainfall leads to lower values of OLR (~250Wm-2)
over the region (Fig. 4.1). The strength and location of the continental lows, tropical cyclones,

cloud bands have a significant influence on the rainfall characteristics over the region. As a result
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of high rainfall, the region plays a significant role for over a third of South Africa’s Gross Domestic
Product (GDP) (Dyson, 2009).

Rainfall and OLR over region 1
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Figure 4. 1: Long-term mean annual global precipitation climatology project (GPCP) rainfall

(mm/month) and Out-going Longwave Radiation (OLR) (Wm/2) cycles over region 1.

Region 2 of the study area covers the central and western interior of the country and can be
referred to late summer region. Unlike region 1, this region tends to receive peak amount of rainfall
during December, January and March with an average of about 75 mm (Fig. 4.2). The western
areas of this region tend to me wetter during austral winter seasons when compares to the most
central areas (Rouault and Richard 2003). The region tends to experience high OLR values during

austral winter months due to low rainfall activity (Fig. 4.2).
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Rainfall and OLR over Region 2
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Figure 4. 2: Long-term mean annual global precipitation climatology project (GPCP) rainfall
(mm/month) and Out-going Longwave Radiation (OLR) (Wm/2) cycles over region 2.

Region 3 tends to receive rainfall throughout the year, with the maximum amount during June,
July, August and March with a monthly average rainfall of 51 mm to 61 mm (Fig. 4.3). This region
covers the smallest portion of the country and is referred to as the Cape south coast (Engelbrecht
etal. 2015). A sharp drop in the average monthly rainfall from 57 mm to 24 mm is observed during
summer months (Fig. 4.3). February and December tend to be dominated by the lowest average
rainfall, with the highest values of OLR.
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Rainfall and OLR over region 3
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Figure 4. 3: Long-term mean annual global precipitation climatology project (GPCP) rainfall

(mm/month) and Out-going Longwave Radiation (OLR) (Wm/2) cycles over region 3.

Region 4 (Fig1.3) of the study area covers areas which receive their highest rainfall during austral
winter season. Rainfall activity tends to peak during June-August, with a monthly rainfall amount
of about 50 mm per month (Fig. 4.4). The equatorial migration of the subtropical highs and
attendant cold fronts results in winter rainfall. Some cold fronts may also co-occur with an upper
COL. The recent decrease in autumn (March-May) rainfall over the southwest Cape may also
suggest a shift in the seasonality of weather systems affecting that region. Ridging highs also
contribute to rainfall over this region and the entire escarpment areas up to the northeast of the
country. The region is characterized by high values of OLR during the austral summer with low

figures during the austral winter season (Fig 4.4).

The relationship between rainfall and OLR patterns tends to be weaker when moving away from
the tropics. At some points, the values of OLR show a direct relationship with rainfall pattern (Fig.
4.3). As aresult, OLR alone cannot be useful to analyze the rainfall pattern of regions far removed

from the deep tropics.
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Rainfall and OLR over region 4
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Figure 4. 4: Long-term mean annual global precipitation climatology project (GPCP) rainfall

(mm/month) and Out-going Longwave Radiation (OLR) (Wm/2) cycles over region 4.

4.3 Long-term seasonal patterns of rainfall and OLR variabilities over South
Africa

4.3.1 Austral Summer season

The long-term mean (1979-2017) seasonal patterns of rainfall during the austral summer season
(DJF) indicates that eastern South Africa is relatively wet, especially on the escarpment with a
sharp gradient to the western interior and Atlantic coast (Fig. 4.5 a). Rainfall over the north
eastern parts of the country peaks during the at 6 mm/day during January (Fauchereau et al.
2003). The polewards shift of the Inter Tropical Convergence Zone (ITCZ) in summer has a
significant influence on the seasonal distribution of rainfall over the region. The displacement of
the ITCZ about 20° over Mozambique and Madagascar promotes the inflow of the north-easterly
winds to interior of South Africa to the development of tropical-temperate cloud bands (Hart et al.
2010). High rainfall activities over the north eastern parts of the are country also promoted by the

development of low-pressure systems over land (Reason et al. 2006).

It is during this period when most parts of the Kalahari, and northern Namibia, Western, Northern
and Eastern Cape Provinces are characterized by low rainfall (Fig. 4.5 a). As expected, regions

of high rainfall over the north-eastern parts of the country are observed with the low values of
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OLR, mostly ranging from 230 to 260 W/m2. This is a result of convective activities which lead to
substantial cloud cover over the region. Parts of the Northern, Western and Eastern Cape
provinces are characterized by high values of OLR, ranging from 270 to 290 W/m2 due to low
rainfall (Fig. 4.5 b).

Long-term (1979-2017) Seasonal (DJF) Mean Rainfall  Long-term (1979-2017) Seasonal (DJF) Mean OLR

aaaaa

Figure 4. 5: Long-term summer seasonal (a) global precipitation climatology project (GPCP)
rainfall (mm/month) and Out-going Longwave Radiation (OLR) (Wm/2) distribution over South
Africa.

4.3.2 Austral autumn season

Over southern Africa, the autumn season is characterized by a decrease in the amount of rainfall
from the austral summer seasonal maximum rainfall (Fig. 4.6 a). This decrease can be clearly
observed over the most parts of Limpopo, Mpumalanga, Gauteng and North West, Free State
and Eastern Cape provinces compared to summer (Fig. 4.6 a). A slight increase in rainfall can be
observed over the several parts of the Western Cape Province (Fig. 4.6 a). The increase of rainfall
over the Cape south coast is often associated with a slight northward shifting of temperate
weather systems. Over the north eastern parts of the country, the decrease in the amount of
rainfall correlates with the increasing values of OLR by 10 W/m2. The values of OLR also
observed, decrease from 290 to 270 W/m? over the south coastal regions (Fig. 4.6 b).
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Figure 4. 6: Long-term Autumn seasonal (a) global precipitation climatology project (GPCP)
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rainfall (mm/month) and (b) Out-going Longwave Radiation (OLR) (Wm/2) distribution over
South Africa.

4.3.3 Winter (JJA) season

The spatial rainfall distribution for austral winter season shows maost interior parts of the country
experiencing dry conditions, whilst the Cape south coast is characterized by wet conditions (Fig.
4.7 a). This is because of little or no convective activities over the interior, which is often by the
dominance of high-pressure system over the land and the South Indian Ocean. The equator ward
shifting of the South Atlantic and South Indian Ocean High pressure cells tend to facilitates the
northeast shifting of temperate weather systems such as extratropical cyclones, cold fronts and
cut-off lows towards the country. As the result, most parts of Western and Eastern Cape provinces
experience more rainfall when compared to other parts of the country (Fig. 4.7 a). The northern
and several central parts of the country tend to be characterized by clear skies, which promote
high values of OLR ranging from 270-280 W/m? (Fig. 4.7 b).
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l;ong-term (1979-2017) Seasonal (1JA) Mean OLR
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Long-term (1979-2017) Seasonal (JJA) Mean Rainfall
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Figure 4. 7: Long-term seasonal Winter (a) global precipitation climatology project (GPCP)
rainfall (mm/month) and (b) Out-going Longwave Radiation (OLR) (W/m2) distribution over
South Africa.

4.3.4 Austral spring season

During austral spring, most parts of the country tend to be characterized by wet conditions, with
high rainfall activities over the Eastern Cape and KwaZulu-Natal provinces. During this season,
most parts of the Western Cape and North West provinces experience dry conditions (Fig. 4.8 a).
Most of the eastern coastal areas tend to get moisture from South Indian Ocean (Fig. 4.8 a). In
response to increased cloud cover over most parts of the country, parts of Gauteng, Free State,
Kwazulu-Natal, Eastern Cape and Limpopo provinces, show low values of OLR of less than 280
Wimz (Fig. 4.8 b). High values of OLR are observed over the northern parts of Western and
Northern Cape provinces (Fig. 4.8 b).
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Figure 4. 8: Long-term spring seasonal (a) global precipitation climatology project (GPCP)
rainfall (mm/month) and (b) Out-going Longwave Radiation (OLR) (W/m2) distribution over
South Africa.

4.4 Seasonal distribution and duration of identified Cut-off Lows systems

4.4.1 Seasonal distribution of identified Cut-off Lows systems.

The seasonal distribution of the COLs which were associated with heavy rainfalls from 2011 to
2017 over South Africa is indicated in Figure 4.9, 60% of the observed COL systems occurred
during June-July-August (JJA) followed by September-October-November (SON) with 30% and
March-April-May (MAM) with 10% while there was no system associated observed in December-
January-February (DJF). These findings are in-line with the findings of Singleton and Reason
(2007a) who indicated a shift in the seasonal distribution of COLs from March-May to June-
August. The analysis of 7-years of COL systems which were associated with heavy rainfall shows
a slightly different pattern from the findings of the previous studies such as Molekwa (2013) where
high seasonal distribution of COLs was observed during MAM with the least occurrence during
DJF. Climatology of COLs presented by Taljaard (1985) and Singleton and Reason (2007a) from
1973 to 1982 and 1973 to 2002, respectively, found that an average of 11 COLs occur per year
with highest number experienced in austral autumn (MAM) season. Tyson and Preston-White
(2000) also found that the frequency of COLs shows a semi-annual variation with highest number

in March to May and September to November.

In the current study, COLs which was coupled with the dominance of high-pressure circulation
near the surface (850 hPa) were identified with the occurrence of ridging highs, whilst those which
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were coupled with both low- and high-pressure circulation patterns were observed with the
occurrence of cold fronts. There was no event which was identified with only low-pressure
circulation pattern near the surface. From the 60% of the total COL systems during the JJA
season, 40% were observed with the occurrence of cold fronts, whilst 20% were coupled with the
dominance of ridging high systems at 850 hPa. During the SON 20% of the systems were coupled
with a surface ridging high and 10% with both low- and high-pressure circulation (Fig. 4.9).

Seasonal distribution of COLs with their surface synoptic patterns

40 7
35 1
30 A
25 1
20 A

15 1
10 A l
5
S AN
T T
DJF MAM

B COLs coupled with ridging high COLs coupled with cold front

Number of COLs (%)

JA SON

Figure 4. 9: Seasonal distribution in percentage of Cut-off Lows (COLSs) with their synoptic near
surface patterns from 2011 to 2017

4.4.2 Seasonal distribution of Cut-off Lows over region A and B

There is a shift in the preferred geographical regions for the development of COLs over South
Africa. In this study, the highest number (70%) of COLs developed over Region A (-22°S to -32°S)
with a least number (30%) of COLs developed over region B (32°S-34°S) (Table 4.1). Allidentified
COL systems were observed to transit across both region A and B of the study area. Over region
A and B, the highest number of COL events 40% and 20% respectively, were observed during
JJA with no event observed during DJF during this study period. SON was recorded as the
second season with the highest occurrence of COL events with 20% and 10% respectively over
both region A and (Fig. 4.10).
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Table 4. 1: Number of Cut-off Lows (COLS) over region A and B with their seasons of occurrence
from 2011 to 2017

Seasons DJF MAM JIA SON TOTAL
Region A 0 1 4 2 7
Region B 0 0 2 1 3
TOTAL 0 1 7 3 10

Location of COLs over South Africa for different seasons

40 1
30 1
20 1
10 1
A
DJF MAM A SON

Seasons

Number of COLs (%)

B Region A M Region B

Figure 4. 10: The seasonal distribution of Cut-off Lows (COLS) in percentage over region A and
B from 2011 to 2017

4.4.3 Duration of the Cut-off Lows during different seasons in South Africa

Long-term analysis of the characteristics of COLs by Molekwa (2013) found that most COLs
lasted for 2-4 days over the country. 64% of COL systems which last for more than 24-hours have
been associated with a significant influence on the total rainfall over certain parts of the country.
Furthermore, the analyses indicated that high contributions of rainfall associated with the
occurrence of COLs has observed over the coastal regions with approximate 40% and less 10%
annually over the most interior parts of the country. In this study, most (60%) of the identified
COLs lasted for 3-4 days with 40% of them observed during the JJA about 10% occurred during
MAM and the SON seasons respectively (Fig. 4.11). 30% of the total identified systems lasted
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for more than 4 days with 20% observed during JJA and 10% during the SON seasons (Table
4.2). Very few COL systems lasted for 1-2 days during SON season in this study period (Fig.
4.11). The SON season was the only season which was identified with all three categories of
COLs (Fig. 4. 11).

Table 4. 2: Number of Cut-off Lows (COLSs) associated with heavy rainfall from 2011 to 2017 in

three duration categories.

Seasons DJF MAM JIA SON TOTAL
1-2 days 0 0 0 1 1

3-4 days 0 1 4 1 6

>4 days 0 0 2 1 3
TOTAL 0 1 6 3 10

Seasonal distribution of COLs in three duration categories

40 A
35 A
DJF A JA SON

MAM

Number of COLs (%)
= = N N w
o (6] o wv o

(O]

o

Seasons
W 1-2 days 3-4days H>4 days

Figure 4. 11: Seasonal distribution of Cut-off Lows (COLS) in percentages from 2011 to 2017 in

three categories over South Africa

51

© University of Venda



()

o
- A
University of Venda

4.4 Observed Cut-off Lows systems

Following the categories of COL systems according to their near surface circulation, this section
examined the COL events which were associated with an anomalous meteorological structures
and extreme rainfall from each category. The first event which was analyzed occurred from 13%
to 15" July 2012 and was dominated by strong ridging highs near the surface. The second event
occurred from 12" to 15" May 2016 and was accompanied by a cold front. Furthermore, satellite
images were used to complement the occurrence of the near surface systems and to identify

areas of convective clouds associated with the identified systems.

4.5.1 Event of 13-15 July 2012

On 13" July 2012, a steep upper-trough at 500 hPa was identified lying over the parts of Northern
and Western Cape provinces, accompanied with cold temperatures of between -34 to -18°C due
to the air for higher latitudes (Fig. 4.12 a and b). A surface high-pressure system was identified
located over south-west of the country, promoting onshore flow and cold conditions of -4 to 16°C
temperatures at 850 hPa over along some parts of the Western Cape Province and over the south
Cape coast region (Fig. 4.12 c and d). At this stage, negative values of vertical velocity (Omega)
where observed over the south east of the trough following the enhanced vertical motion (Fig.
4.13 e). The area also significant cloud at 18:00 UTC (Fig. 4.13 f).

On 14" July, the system was located behind two high-pressure systems located over the South
Atlantic and South Indian Oceans respectively with a weak surface low over the interior (Fig. 4.14
c). The circulation which brought in cold air from the higher latitudes and led to cold conditions of
-4 to 18°C temperatures over the country with lowest temperatures of -2°C over the western parts
of the Northern, Western and Eastern Cape Provinces (Fig. 4.14 a and d). Following the cyclonic
circulation over the center, the system was characterized by an inverted comma shaped

cumulonimbus and thin cirrus clouds over the east of the country (Fig. 4.15 f).

The cumulonimbus clouds and thin cirrus cloud over and south of the south coast and over the
western interior of the country marked the tear-off stage where the system detached from the
main westerly wave (Fig. 4.15 f). After being teared way from the main westerly flow, the system
promoted the development of showers and thunderstorms, with onshore flow from the two surface
high pressure system which led to a heavy rainfall amount of about 120 mm. Areas which were
associated with deep convection and heavy rainfall were complemented by low values of OLR

(Fig. ¢) and negative pool of omega (Fig. e€) over the south eastern coast of the country.
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The location of the system over the eastern parts of the country with strong high-pressure
circulation pattern near the surface marked the dissipating stage of the system on 15" July (Fig.
4.16 a). The location of the high-pressure system promoted the spread of cold air over the
southern and central parts of the country (Fig. 4.16 ¢ and d). Similar to the early stage, the system
is no longer characterized by a closed circulation but more of zonal flow. The system was still
characterized by cold air with a dissipating unshaped low level stratiform cloud (Fig. 4.17 b). This
resulted in moderate rainfall amount of about 80 mm over the south eastern parts of the KwaZulu-

Natal and Eastern Cape Provinces (Fig. 4.17 d).

4.5.2 Event of 12-15 May 2016

On the 12" May 2016, a deep upper-air trough developed over the South Atlantic Ocean, just to
the west of South Africa (Fig. 4.18 a). Over the surface the system was coupled with a low-
pressure circulation over the South Atlantic Ocean and the trailing edge of an anticyclone
circulation over the South Indian Ocean (Fig. 4.18 c). This circulation patterns led to low
temperatures of between 10°C and 18°C over the several parts of Limpopo, Mpumalanga,
Gauteng, Kwazulu-Natal, Eastern, Western and Northern Cape Provinces. The upper air trough
led to the development of thick clouds over the western parts of the Northern and Western Cape
Provinces and low values of OLR ranging from 220 to 230 W/m2 but no rainfall observed over the

country at this stage (Fig. 4.19 b, c and d).

The system deepened into a full closed low coupled with a cold front located over the south-
western interior of the country on 13" May 2016 (Fig. 4.20 a). At this stage, the low had been cut
off from the main westerly flow and promoted convergence and enhanced uplift. over its eastern
side, the system was characterized by a clear cyclonic PV and a pool of air of between -14°C to
-18°C temperatures (Fig. 4.20 a and b). Severe cold conditions of between 4°C to 12°C
temperatures were recorded over the parts of the Northern and Western Cape Provinces as well
as the southern parts of Namibia (Fig. 4.20 d). The enhanced vertical motion promoted the
development of complex cumulonimbus and cirrus clouds moderate to heavy rainfall over the

central parts of the country (Fig. 4.21 e and f).

On 14" May 2016, the core of the system was located over the Northern Cape and North West
Provinces (Fig. 4.22 a). Over its center, temperatures dropped to -16°C with a small pool of
cyclonic negative potential vorticity of a value of -1.6x10°-06 m? s K kg* (Fig. 4.22 a and b).
Cold conditions of between 6 °C to 12°C were observed over the Northern Cape and North West
Provinces (Fig. 4.22 d). The system was characterized by high moisture content and cloud cover

over its eastern side (Fig. 4.23 a and b). This led to rainfall amount of between 30 mm to 40 mm
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over the parts of Northern Cape, North West and Gauteng and Free State Provinces (Fig. 4.23
d).

4.5.3 Associated weather and effects

The COL system which occurred on from 13™ to 15" July 2012 was associated with very cold
conditions of less than 10°C over parts of the Northern, Western, Eastern Cape and Free State
provinces from 13" to 14" July (SAWS 2012). The amount of 50 mm of rainfall over 24 hours with
heavy snow over were certain areas of the affected provinces (SAWS 2012). There were several
cases of people who died from drowning as a result of flooding and exposure to the extreme cold
conditions. Destructive winds which damaged buildings and electricity power lines over parts of

the Eastern Cape Province.

The second weather system let to heavy rainfall of between 25 and 100 mm over 24 hours in the
Northern Cape Province. Most of the impacts were experience over the northern parts of the
Western and Northern Cape Provinces as it remained quasi-stationary during its development
stages (EUMETSAT 2016).

4.5.4 Conceptual Model

A Conceptual Model (CM) from EUMETSAT (2012) was used to show typical geopotential height
and cloud patterns which are associated with the occurrence of the severe COL systems over
South Africa. The model consists of four stages (EUMETSAT 2012).

In the first stage, the upper trough marks the development of the system with the formation of
cirrus and CB clouds over east of the trough (Fig. 4.24 a). Typically, the trough is also

characterized by the low-level cold air with the center covered by the cumulus clouds.

The deepening and tearing off of the trough mark the second stage model. There is an
enhancement of cirrus and cumulonimbus clouds during this stage. Due to the cyclonic circulation
the stage tends to be dominated by inverted comma shaped cumulonimbus and cirrus clouds

over the eastern and southern part of the upper low (Fig. 4.24 b).

When the core of the COL is clearly visible, the third stage, the southern and western side of the
upper trough is covered by low level stratiform clouds (Fig. 4.24 c). The inverted comma clouds

which developed during the tear-off stage become clearly visible during this cut-off stage.

In the final stage, the closed circulation of the upper air returns to the zonal flow (Fig. 4.24 d). The
system can still be coupled with a low-level cumulus cloud below the upper trough, with no more

inverted comma shaped clouds to mark the dissipating stage.
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4.6 Summary

To achieve the first objective, COL systems were identified using geopotential height at 500 hPa.
Out of the 10 identified systems, five were coupled with surface high-pressure, whilst other Five
were linked with both low- and high-pressure systems near the surface. The presence of a surface
high-pressure system during the occurrence of COL systems promoted the vertical uplift of air.
As a result, the identified and analyzed systems were associated with negative values of vertical
velocity and the development of inverted comma-shaped cumulonimbus and cirrus convective
clouds over their east and southern sides. The development of convective clouds promoted the
occurrence of thunderstorms and heavy rainfall. Areas of deep moist convection coincide with
negative values of potential vorticity and negative anomalies OLR. The analysis of the seasonal
distribution of the COL systems over region A reveals that the highest occurrence of COLs is
experienced during JJA followed by SON. The lowest number of COLs occurred during DJF over
South Africa. High occurrence of COL systems was identified over the regions categorized under
A than in regions under B. A number of systems lasted for 3-4 days followed by systems which
lasted for more than four days with few cases lasting for 1-2 days. COLs which are coupled with
surface low- and high-pressure systems are more common and tend to occur during JJA and
SON seasons in South Africa. There is a noteworthy shift on the occurrence of COL systems from
MAM to JJA and towards northeastern parts of the country, when compared with the finding of

the previous studies such as Molekwa (2013) and (Singleton and Reason, 2007b).
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GPH vs PV vs Wind vec. ®500hPa (13/07/2012)

GPH vs Temp. vs Wind vec. @500hPa (13/07/2012)
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Figure 4. 12: Geopotential height (hPa) vs potential vorticity at 500 (a), Geopotential height (hPa)
vs Temperature (°C) at 500hPa (b), Geopotential Height (hPa) vs Winds at 850hPa (c) and
Geopotential Height (hPa) vs Temperature (°C) at 850hPa (d), 13 July 2012
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Figure 4. 13: Geopotential height (hPa) at 500 (hPa) vs Relative humidity (a), High Cloud Cover
(HCC) (d), Out-going Longwave Radiation (OLR) (c), Total rainfall (mm/day) (d), Vertical velocity
(e) and Infrared image of COL at 18:00Z copyright (2019) EUMETSAT (f), 13 July 2012
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Figure 4. 14: Geopotential Height (hPa) vs Potential vorticity at 500 (a), Geopotential Height (hPa)
vs Temperature (°C) at 500hPa (b), Geopotential height (hPa) vs Winds at 850hPa (c) and
Geopotential height (hPa) vs Temperature (°C) at 850hPa (d), 14 July 2012
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Figure 4. 15: Geopotential Height (hPa) @ 500 (hPa) vs Relative humidity (a), High Cloud Cover
(HCC) (d), OLR (c), Total rainfall (mm/day) (d) Vertical velocity (e) and Infrared image of COL at
10:00Z copyright (2019) EUMETSAT (f), 14 July 2012
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Figure 4. 16: Geopotential height (hPa) vs Potential vorticity at 500 (a), Geopotential height (hPa)
vs Temperature (°C) @500hPa (b), Geopotential height (hPa) vs Winds at 850hPa (c) and
Geopotential height (hPa) vs Temperature (°C) at 850hPa (d), 15 July 2012.
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Figure 4. 17: Geopotential Height (hPa) at 500 (hPa) vs Relative humidity (a), High Cloud Cover
(d), Out-going Longwave Radiation (OLR) (c), Total rainfall (mm/day) (d) Vertical velocity (e), 15
July 2012
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Figure 4. 18: Figure 1.26: Geopotential height (hPa) vs Potential vorticity at 500 (a), Geopotential
height (hPa) vs Temperature (°C) at 500hPa (b), Geopotential height (hPa) vs Winds at 850hPa
(c) and Geopotential height (hPa) vs Temperature (°C) at 850hPa (d), 12 May 2016.
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Figure 4. 19: Geopotential height (hPa) at 500 (hPa) vs Relative humidity (a), High Cloud Cover
(HCC) (d), OLR (c) and Total rainfall (mm/day) (d), Vertical velocity (e) 00:00Z Meteosat-10
Airmass Red Green Blue (RGB) snapshot, copyright (2019) EUMETSAT (f), 12 May2016.
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Figure 4. 20: Figure 1.26: Geopotential height (hPa) vs Potential vorticity at 500 (a), Geopotential
height (hPa) vs Temperature (°C) at 500hPa (b), Geopotential height (hPa) vs Winds at 850hPa
(c) and Geopotential height (hPa) vs Temperature (°C) at 850hPa (d), 13 May 2016.
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Figure 4. 21: Geopotential Height (hPa) at 500 (hPa) vs Relative humidity (a), High Cloud Cover
(d), OLR (c), Total rainfall (mm/day) (d), Vertical velocity (e) and Infrared image of cold front and
COL at 12:00Z, copyright (2019) EUMETSAT (f), 13 May2016
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Figure 4. 22: Figure 1.26: Geopotential height (hPa) vs Potential vorticity @ 500 (a), Geopotential
Height (hPa) vs Temperature (°C) at 500hPa (b), Geopotential height (hPa) vs Winds at 850hPa
(c) and Geopotential height (hPa) vs Temperature (°C) at 850hPa (d), 14 May 2016.
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Figure 4. 23: Geopotential Height (hPa) at 500 (hPa) vs Relative humidity (a), High Cloud Cover
(HCC) (d), Out-going Longwave Radiation (OLR) (c), Total rainfall (mm/day) (d), Vertical velocity
(e) and Infrared image of a COL at 18:00Z, copyright (2019) EUMETSAT (f), 14 May2016
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Figure 4. 24: The four stages indicating geopotential heights at 500 hPa and typical cloud
patterns, as observed during the occurrence of the COL systems (source: EUMETSAT 2012).
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Chapter 5
Unified Model Cut-off Low rainfall simulations

5.1 Introduction

This chapter analyses the accuracy of the total precipitation simulations obtained from the Unified
Model (UM) run at the South African Weather Service (SAWS) with a grid spacing of 4.4km for
areas of deep moist convection associated with cut-off low (COL) systems. The model outputs
were compared with total precipitation from the European Center for Medium-Range Weather
Forecast (ECMWF). Where ECMWF was unable to produce accurate plots, (Climate Hazards
Group InfraRed Precipitation with Station data) CHIRPS dataset was used. Three sets of
simulations are available for each day that the simulations were produced with observations from
00Z, 127 and 18Z used to initialize the model. The simulations of the onset, position and amount
of the rain in relation to the center of the identified COL systems using UM were also analyzed.
The days and location where the systems were associated with high figures of rainfall, were
further plotted as line graphs to validate the skills of the model runs against the observations.
Furthermore, the study investigated the accuracy of the model in simulating these characteristics

in relation to the different near-surface pressure of the observed COL weather systems.

The 4.4 km resolution model became operational in April 2016 at SAWS and therefore the only
data that was available when the analysis of the study was conducted is only for two years. The
model data produced in operational model was extracted for all days of the events which were
identified in the years 2016 and 2017. Thus, the study analyzed the simulated geopotential height
and rainfall associated with the identified COLs from 2016 to 2017. The first two events which
were analyzed occurred on the 14" to 16" May 2016 and 26™ to 27" July 2016 and were both
coupled with a near-surface low- and high-pressure circulation patterns. The last two systems
occurred on 10" to 11™ October 2017 and 15™ to 17" November 2017 and were coupled with a

near-surface high pressure pattern.

5.2 Testing Unified Model simulating Cut-off Low events from 2016 to
2017

5.2.1 Event of 14-16 May 2016
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From 14" to 15" May 2014, the UM simulated the transit of a COL with a significant rainfall over
the most parts of South Africa (Fig. 5.1 a, b and ¢). On 14 May, the model simulated the center of
the system located over the northern parts of the North West Province. The simulated rainfall
associated with the system was between 30 mm and 60 mm over parts of North West, Gauteng,
Free State and Mpumalanga provinces (Fig. 5.1 a, b and c¢). The 00Z, 12Z and 18Z represent
different lead times as the event approaches, with the longest lead being 30 hours associated
with 00Z run made the previous day. The simulation with the shortest lead time is the 18Z one,
and represents a lead time of only 12 hours, while the 12Z run has a lead time of 18 hours. The
visual inspection was used to compare the 00Z, 12Z and 18Z runs of the model against the
observation. All the model runs simulated the largest amount of rainfall towards the east of the
centre of the system as expected. This is because that is where the most convergence is expected
at the surface, associated with strong uplift. There are very small differences in the 3 simulations
with the centre of the COL being located at almost the same point. The intensity of the system as
indicated by the lowest GPH is similar across all the simulations. The centre of the system as
seen in the observations is almost by the simulations, however the observed system is a bit to
the west, and the intensity of the observed system is stronger when compared to the simulation.
The location of the observed rainfall is also shifted a bit to the west compared to the simulations
which is informed by the position of the COL itself (Fig. 5.1 d). When comparing to the
observations used, the model overestimated rainfall. Figure 5.2 shows the diurnal cycle of the
precipitation as experienced on 14 May between 35°S and 23°S, and along the 27° E line. The
model simulated the maximum rainfall to occur slightly earlier than observed, especially in the
00Z simulation which has the longest lead as already mentioned. The timing of the maximum
rainfall in the 12Z and 18Z runs almost matches that in the observation, however the peak is
higher in the model, which shows that the model overestimates rainfall. The observed rainfall is

also more long-lived, compared with to the simulated one, and starts earlier and ends later.
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Figure 5. 1: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 14 May 2016.
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Figure 5. 2: 4.4 km Unified Model (UM) run simulations vs observation 24 hours total
precipitation at -32°S to 23°S//27°S on 14 May 2016.

On the 15" May 2016, the centre of the system was observed to be located over the North West
Province. The 15 May simulations are more variable than the 14 may ones, with centres of the
system being located at different locations. The 12Z simulations showed the system located over
the north-eastern parts of the North West Province, while the two other simulations placed the
centre of the system over Botswana. The pattern of the simulated rainfall is even more diverse,
with the shorter lead forecasts placing it a bit closer to the observations. The 00Z captured the
system the least accurate and placed the rainfall more towards the eastern part of the country,
with very little rainfall over the north western parts of the country. The rainfall is observed to extend

from the Botswana- South Africa border and includes parts of Limpopo, North West, Free State
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as well as Mpumalanga Province, and ends just before the border with the King of Eswatini. The

12Z and 18Z runs place the rainfall simulations further north than observed.

00Z UM run: 15May2016 24hr total precipitation 12Z UM run: 15May2016 24hr total precipitation

18Z UM run: 15May2016 24hr total precipitation
[ e ~

Figure 5. 3: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 15 May 2016.

On 16™ May, geopotential height at 500 hPa simulated the dissipation of the system over the
Indian Ocean, with no rainfall simulated over the country in all runs of the model (Fig. 5.4 a, b and
c). However, the model simulation on the 00Z and 12Z runs showed amount of between 1 mm to
80 mm rainfall whilst the 18Z run simulated amount of 1 mm to 40 mm over the South Indian
Ocean (Fig. 5.4 a, b and c). Unlike the simulation, observation indicated rainfall amount of

between 1 mm to 8 mm over the eastern coastal regions and Indian Ocean (Fig. 5.4 d).

73

© University of Venda



()
=

C) University of Venda
Creating Future Leaders
@)

00Z UM run: 16May2016 24hr total precipitation 12Z UM run: 16May2016 24hr total precipitation

18Z UM run: 16May2016 24hr total precipitation Observation: 16May2016 total precipitation

Vi

e B

Figure 5. 4: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 16 May 2016.

5.2.2 Event of 26-27 July 2016

On 26" July 2016, the centre of COL was located over the Northern Cape Province. The three
simulations with the different lead times, placed the centre of the system more South compared
to the observations. The 18Z simulation which has the shortest lead time, placed the centre of the
system South, the furthest from observations. Model simulation at 00z,12z and 18z indicated the
rainfall of between 8 mm to 120 mm over the eastern and southern parts of the country (Fig. 5.5
a, b and c). Similarly, the observation showed most of rainfall activities over the eastern and
southern parts with high figures over the parts of North West, Free State and Eastern Cape
provinces as well as in Lesotho (Fig. 5.5 d). The model was accurate in simulating the area which
was associated with heavy rainfall during this event. However, the model also simulated rainfall

over a large part of the Northern Cape Province that was not observed and this result is found in
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all the three simulations. The simulations for the simulations do not show much rainfall along the
south coast, while observations do indicate some rainfall in this area. The simulated rainfall is
shifted more to the south than what is observed. This is a feature that may be associated with the
centre of the COL system as already indicated which is simulated to be located south of where
the system is observed in all the simulations (Fig. 5.5 d). Figure 5.6 shows the timing of the
simulated versus observed rainfall over an area which was linked with heavy precipitation during

the event. All the model runs tend to overestimate rainfall when compared with the observation.

12Z UM run: 26July2016 24hr total precipitation

Figure 5. 5: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 25 July 2016.
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26 July 2016 Obs. vs 00z UM run TP (-33s-23s//28e) 26 July 2016 Obs. vs 12z UM run TP (-33s-23s//28e)
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Model
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Figure 5. 6: 4.4 km Unified Model run simulations vs observation 24 hours total precipitation at -
33°S to 23°S//28°E on 26 July 2016.

On 27" July 2016, the center of the system was located over the Western Cape Province as
indicated in the observed plot (Figre 5.7 d). All the simulation places the centre of the system
more towards the east into the Eastern Cape Province. All simulations showed the rainfall amount
of between 4 mm to 120 mm over the parts Free State, Western and Northern Cape Provinces
(Fig. 5.7 a, b and c). Observation showed rainfall activity shifted over the Northern Cape and
Mpumalanga provinces as well as over the coastal areas of the KwaZulu-Natal Province (Fig. 5.7
b). The simulated rainfall extends further east compared to the observations. Further, rainfall was

also observed over the eastern parts of the country, that was not captured by any of the model
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configurations which placed all the rainfall over the Indian ocean. This shows the likely effect on
the types of warnings forecasters issue where sometimes warnings are issued for the wrong

provinces or not issued at all because of the wrong placement of systems and rainfall in the model

L

simulations.

00Z UM run: 27July2016 24hr total precipitation 12Z UM run: 27July2016 24hr total precipitation

Observation: 27jul2016 total precipitation

Figure 5. 7: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 27 July 2016.

5.2.3 Event of 10-11 October 2017

On 10" October 2017, all simulations indicated the COL over the parts of Free State and KwaZulu-
Natal provinces. All the model runs simulated a rainfall of about 120 mm spreading from parts of
the Kwazulu-Natal Province and Lesotho to the Indian Ocean. With a clearly visible low,
observation indicated rainfall over the KwaZulu-Natal Province spreading to the South Indian
Ocean. Little rainfall was also observed spreading from the eastern parts of Limpopo Province
through Mozambique to the South Indian Ocean (Fig. 5.8 d). Figure 5.9 indicates the amount of

rainfall simulated and observed over the south-eastern part of the country at 23°-35°S along 30°E
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during the event. 00Z run simulated rainfall later than the observed initial time of precipitation.

12Z and 18Z managed to simulate exact initial time of rainfall with observation.

12Z UM run: 100ctober2017 24hr total precipitation

Observation: 100ctober2017 total precipitation

Figure 5. 8: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 10 October 2017.
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Figure 5. 9: 4.4 km Unified Model run simulations vs observation 24 hours total precipitation at -
35S to 23°S//30°E on 10 October 2017.

On 11 October, the model simulated the system located over the South Indian Ocean, with close
geopotential height on 00Z and 18Z simulations (Fig. 5.10 a and c). At this stage, all simulations
indicated rainfall over the southern and eastern parts of the system (Fig.5.10 a, b and c). Higher
than simulated rainfall was observed over the Indian Ocean with a strong closed geopotential
height (Fig. 5.10 d).
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00Z UM run: 110ctober2017 24hr total precipitation 12Z UM run: 110ctober2017 24hr total precipitation

Observation: 110ctober2017 total precipitation

Figure 5. 10: 24 hours Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km
Unified Model (UM) vs (d) observation on 11 October 2017.

5.2.4 Event of 15-17 November 2017

On 15 November 2017, the model runs simulated a closed geopotential height over the central,
northern and western parts of the country. The center of the system was simulated covering parts
of North West, Free State, Northern, Eastern and Western Cape provinces (Fig. 5.11 a, b and c).
All model runs simulated rainfall of between 80 mm to 180 mm over the most eastern parts of the
country. At this stage, a deep trough was observed over the western parts of the country, covering
Northern and Western Cape provinces with high rainfall activity covering parts of Eastern and
Western cape provinces (Fig. 5.11 d). When analyzing rainfall over the location (18°S-40S%/31°E)
of deep convection, the model simulations were able to indicate areas which were indicated with

deep convection (Fig. 5.12).
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Figure 5. 11: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km Unified
Model (UM) vs (d) observation on 15 November 2017.
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Figure 5. 12: 4.4 km Unified Model run simulations vs observation 24 hours total precipitation at
-40°S to -18°S//30°E on 15 November 2017.

On 16" November 2017, the 00z and 12z runs (Fig. 5.13 a and b) simulated the center of the
system located over the center of the country, covering several parts of Gauteng, North-West,
Free State, KwaZulu-Natal and Eastern Cape provinces when comparing with the model (Fig.
5.13 d). Rainfall of between 80 mm to 180 mm was simulated over the eastern coastal parts of
the KwaZulu-Natal Province with high amount over the South Indian Ocean in all model runs (Fig.
5.13 a, b and c). Observation also showed the system located over the central parts of the country
with rainfall activity over Lesotho and the eastern parts of Free State, Eastern Cape and Limpopo
provinces. High values of rainfall of above 80 mm were observed over the Indian Ocean and
Mozambique Channel (Fig. 5.13 d).
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Figure 5. 13: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4 km Unified
Model (UM) vs (d) observation on 16 November 2017.

On 17" November 2017, the center of the system was simulated over the south western Indian
Ocean. At this stage, all runs simulated amounts of 10 mm to 80 mm rainfall over the center of
the system as well as near the western side of Madagascar (Fig. 5.14 a, b and c). The observation
identified the system closer to the south eastern coastal areas of the country. This led to the
rainfall of between 10 mm to 60 mm observed over the coastal areas. High rainfall of more than
80 mm was observed over the south eastern side of the system over the Indian Ocean (Fig. 5.10
d).
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00Z UM run: 17November2017 24hr total precipitation
. gom BN

Observation: 17November2017 total precipitation

Figure 5. 14. 15: 24hr. Total precipitation at (a) 00Z, (b) 12Z and (c)18Z runs of the 4.4 km
Unified Model (UM) vs (d) observation on 17 November 2017.

5.3 Summary

In this chapter, the accuracy of the Unified Model in simulating the location of the COL weather

systems with their associated areas of deep moist convection is tested. The three model runs,

namely, 00Z, 12Z and 18Z, were checked against the observation. Using the visual inspection

method, the model is able to simulated the location of the systems as well as the areas associated

with deep moist convection and heavy rainfalls. However, the model tends to simulate the events

differently depending on their near surface pressure systems observed in chapter 4. When

simulating the events which are associated with high near the surface, the model poorly simulates

the closed geopotential height at 500 hPa when compared with the observation. The model

simulations tend to accurately simulate the center and areas of heavy rainfall when simulating

events which are coupled with both low- and high-pressure systems near the surface.
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Furthermore, the model runs tend to simulate areas of high rainfall better while underestimating

areas with low amount of rainfall.
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Chapter 6

Conclusions and future work
6.1 Introduction

The study focused on the characteristics of the severe cut-off low (COL) systems and their
predictability using, 4.4 km horizontal resolution Unified Model (UM) over South Africa. COLs are
one of the anticipated weather systems associated with extreme weather conditions over the
country. The study analyzed the recent COL events which have been associated with heavy
rainfalls from 2011 to 2017. The skill of the 4.4 km UM was tested in simulating areas associated

with the deep moist convection during the occurrence of the identified COL events.

This chapter provides a discussion and synthesis of the key findings of the current study, as well
as their contribution to the existing knowledge. The comparison of the results of this study and
other studies about the COL systems in South Africa is also provided. Recommendations and
implications in relation to the characteristics of the severe COL events and their predictability by

4.4 km UM are also discussed.

6.2 Discussion and synthesis of key findings

6.2.1 Recent Cut-off Lows in South Africa: seasonality and structure

COL systems are identified on the 500 hPa pressure level by a closed geopotential height contour
lasting for then 24 hours. During the early stages of the systems, COLs are characterized by a
deep trough with a zonal flow of air over the west of the country. The troughs are characterized
by a linear shaped pool of negative potential vorticity at the early stage. A cyclonic pool of
negative potential vorticity becomes clearly visible, with a fully developed cold core at 500 hPa.
The intensified stages of recent COL systems (2011-2017) are characterized by pools of cyclonic
negative potential vorticity and cold air over their center. Furthermore, mature stages of COLs are
characterized by negative values of vertical velocity, inverted comma shaped cumulus and

cumulonimbus clouds as well as severe precipitation along their east and polar sides.

Near the surface, COL systems can either coupled with a high-pressure circulation or with a high-
and low-pressure circulation. COL systems which are associated with both low- and high-pressure
circulation are associated with the occurrence of the cold fronts. More precisely, due to the
instability promoted by the presence of the cold pool, there is an enhancement of the comma

shaped cumulus and cumulonimbus development on the east side (e.g. Caruso and Businger
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2006; Buckley et al. 2007). Taljaard (1995) also found that precipitation is often located along the
east and polar side of the general COL systems. During the occurrence of COLs, coastal and

mountain regions are often subjected to high accumulative precipitation (Muller et al. 2008).

The distribution of COLs frequency varies from season to season. When compared with previous
studies on the characteristics of COL events, the findings of this study are slightly different on the
seasonal distribution of COL systems over South Africa. Over region A of the study area, more
COL events were observed during June-July-August (JJA) followed by September-October-
November (SON) and low events during March-April-May (MAM) with no system observed during
December-January-February (DJF). Over region B of the study area, more COL events were
observed during JJA followed by SON with no system observed during both DJF and MAM
seasons of the study period. High number of COL events which occurs during JJA lasts for more
than 4 days. Several previous studies on the characteristics of COL events such as Molekwa
(2013), Tyson and Preston-White (2000), Taljaard (1985) and Singleton and Reason (2007) found
high seasonal distribution of COL systems during MAM.

COL systems may develop over the South Atlantic Ocean and transit over the south-west coast,
or might proceed in a north-westerly direction across the country to the South Indian Ocean. In
this study we found a high occurrence of COL systems over region A (-22°S to -32°S) of the study
area. This different to the preferred location (32°S-45°S) of the COL systems indicated by
previous studies (e.g. Engelbrecht et al. 2015; Favre et al. 2012).

The study findings correlate with the findings of Singleton and Reason (2007a) who also found a

shift on the preferred seasons and location of the COL systems over South Africa.

6.2.2 Simulating rainfall in Cut-off Lows using the 4.4 km Unified Model

The 4.4 km Unified Model is able to simulate the location of the COL systems over South Africa
when using geopotential height at 500 hPa. However, the location of the centre of the system
does not always match that which is observed, with biases of the system seen in all directions.
This was found to be the case for all lead times (i.e. 24 hours, 12 hours and 6 hours) that were
considered. When the location of the centre of the system matches the observations, the
simulated rainfall also matches the observations. When the centre of the system is further east,
the rainfall is also simulated to be further east, and the same applies for displacements in other
directions. For all the cases that were considered the model was found to overestimate rainfall.

Overall the results indicate that the UM is a useful tool for the forecasters, and can help with the
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provision of early warnings, despite some shortcomings of underestimate areas of low

precipitation whist overestimating precipitation areas of deep convection.

6.3 Implications and future work

Climate change have negative impacts on the different economic activities, as well as the life of
people southern Africa. More climate models are projecting changes in the weather
characteristics over the region particularly in regard to temperature and rainfall distribution over
the region. A better understanding about the characteristics of weather systems which play a
significant role on the distribution of rainfall over South Africa is very important. This will improve
the forecast of the characteristics of severe weather condition which are associated with

occurrence of COL weather systems.

Even though the characteristics of COL events, which are coupled with different surface pressure
circulation were analyzed, the influence of surface and stratospheric processes on deep
convection during COL systems were not considered and need further investigation. Following
key findings about the significant shift on the location and seasonal distribution of COL events
over South Africa (Singleton and Reason, 2007h), the cause of the shifting still needs to be
studied. While characteristics associated with the occurrence of COL systems have been
analyzed, the intrusion of stratospheric ozone during the development of COL events still requires

further research.

Furthermore, the study examined the skill of the 4.4 km Unified Model which is currently being
used to simulate areas of deep moist convection and heavy rainfall during regional convective
weather events over South Africa. The South African Weather Service (SAWS) can use the
findings of this study to improve the forecast the amount of rainfall associated with the severe
convective weather systems. The skill of NWP models can only be as good as the accuracy and
completeness of the observations used to initialize them. There is need for installation of more
automatic weather stations particularly in regions of complex terrain. Upper air observations would
also help with the thermodynamic structure of the atmosphere which is currently mostly derived

from the reanalysis.

6.4 Conclusion

The study identified COL weather systems, by closed geopotential height at 500 hPa from 2011
to 2017. Identified COL systems were associated with pools of cyclonic potential vorticity and cold

air in the center. By analyzing the surface circulation patterns associated with the identified
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systems, some events were coupled with cold fronts. During their mature stages COL systems
were observed with comma shaped clouds and precipitation over their eastern flanks. The study
also found a significant shift on the location and seasonal distribution of COL events. High
occurrence of COL events was found transiting over the north-east with high number of
occurrences during austral winter season. The 4.4 km UM can simulate areas and amount of
rainfall with slightly more figures during the occurrence of COL events across the country.
Following these findings, forecasters can be aware about the accuracy of the model in simulating
rainfall which will assist to provide more relevant weather alerts during the occurrence of

convective weather systems to the public.
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