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Abstract

Climatologically, the Cape south coast is unique in the sense that it lacks the pronounced
seasonality observed over the remainder of South Africa. Here, rainfall occurs all-year round,
implying that rainfall-producing systems characteristic of both the winter and summer rainfall
regions contribute to rainfall over the Cape south coast. However, the relative contributions
of different rain-producing weather systems to annual rainfall have not been quantified to
date. This region has also not received as much attention as the winter and summer rainfall
regions of the country with regards to quantifying and understanding its interannual rainfall
variability. Furthermore, seasonal forecast skill over the Cape south coast region is generally
poorer and less well investigated than forecast skill over the summer rainfall region and to a
lesser extent the winter rainfall region. This study addresses these issues through objective
identification of the prevailing synoptic types of the Cape south coast region by application of
the self-organizing map (SOM) technique, with a subsequent analysis of their interannual

variability, intraseasonal variability, and predictability.

The relative contribution of different rain-producing systems to annual rainfall over the Cape
south coast is quantified. Ridging high pressure systems contribute most to the mean annual
rainfall (46%), followed by tropical-temperate troughs (28%) and cut-off lows (COLs).
COLs, co-occurring with ridging high pressure systems and tropical-temperate troughs
contribute to 16% of the mean annual rainfall. When extreme rainfall is considered, COLs
contribute to 29% of all extreme rainfall events along the Cape south coast. Particular
configurations of ridging high pressure systems and tropical-temperate troughs that are linked
to interannual variability of seasonal rainfall are identified. These systems are primarily
ridging high pressure systems, in particular those ridging from far south of the subcontinent,
and tropical-temperate troughs occurring during seasons with weaker zonal mid- and upper
air winds. COLs are also linked to interannual variability of seasonal rainfall, despite their
infrequent occurrence - highlighting the importance of COLs as high impact weather systems.
The COL link with rainfall variability is particularly strong during March-April-May (MAM)
and even more so for June-July-August (JJA). It is also shown that the interannual variability
in the frequency distribution of the occurrence of synoptic types within a season is linked to
the El Nifio Southern Oscillation (ENSO) and the Southern Annular Mode (SAM),
suggesting potential predictability of intraseasonal variability at the seasonal time scale. The

predictability of intraseasonal characteristics over the Cape south coast at the seasonal time

viii
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scale is subsequently assessed by utilizing an ensemble of simulations performed by an
atmosphere-ocean coupled global circulation model administered by the UK Met Office.
Hindcasts of 14 austral spring and summer seasons initialized at a 1-month lead time are used
to assess the model’s ability to predict the intraseasonal characteristics of weather systems.
This assessment revealed that some skill exists in the predictability of the intraseasonal
characteristics of synoptic types over the Cape south coast region of South Africa at the
seasonal time scale. The result implies that there is potential to predict whether specific high
impact weather systems (e.g. COLs) or systems associated with good rainfall (e.g. ridging
highs ridging from anomalously far south of the subcontinent) will occur at anomalously high
or low frequencies during the next season, with associated benefits to the agricultural and

water sectors.
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Chapter 1: Introduction

1.1 Background

South Africa is located in the subtropics and is on the average situated underneath the
descending component of the Hadley cell circulation. Except for at the surface, anticyclonic
circulation prevails over the country throughout the year (Taljaard, 1959). However, the
position and intensity of the anticyclonic circulation exhibits seasonal characteristics
(Taljaard, 1986). In response to seasonal changes in the atmospheric circulation, three
precipitation regimes can be discerned over South Africa. Most of the country predominantly
receives rainfall during the austral summer (Harrison, 1984; Weldon and Reason, 2014) when
the core of the anticyclonic circulation is located further poleward compared to winter
(Taljaard, 1959), while its equatorward flank interacts with the various convergence zones
over tropical Africa. It is also during summer that the surface anticyclonic circulation over
South Arica is replaced by a heat driven synoptic trough system that aids in facilitating the
southward flow of moist tropical air (Taljaard, 1986). The extreme southwestern area of the
country is characterized by austral winter rainfall (Harrison, 1984; Weldon and Reason,
2014), when cold fronts follow a more equatorward track. A small strip along the southern
coastal region of the country, referred to as the Cape south coast, receives rainfall throughout
the year (Harrison, 1984; Weldon and Reason, 2014) with smallish peaks during the
transitional seasons (Taljaard, 1996; Pohl et al., 2014). These peaks have been qualitatively
attributed to cut-off lows (COLs) and ridging high pressure systems occurring during autumn
and spring, respectively (Jury and Levey, 1993). Rainfall-producing weather systems
characteristic of both the winter and summer rainfall regions of South Africa occur over the
Cape south coast, contributing to the region’s unique climate. These weather systems are cold
fronts, west-wind troughs, COLs, ridging high pressure systems (Taljaard, 1996; Favre et al.,
2013; Weldon and Reason, 2014) and tropical-temperate troughs (Taljaard, 1996; Hart et al.,
2013). Apart from tropical-temperate troughs that are considered unique to the summer
months, the other rainfall producing weather systems occur throughout the year, although
they do exhibit preferential seasons of occurrence. Cold fronts are mainly winter weather
systems, although weak cold fronts occur during summer as well (Taljaard, 1996). COL
frequencies occurrences peak during the transitional seasons (Jury and Levey, 1993;
Singleton and Reason, 2007) and ridging highs during summer (Taljaard, 1996). The
contribution of tropical-temperate troughs (Crimp et al., 1997; Hart et al., 2013), COLs

1
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(Favre et al., 2013) and landfalling tropical systems invading the far northern part of the
country from the southwest Indian Ocean (Malherbe et al., 2012) have all been quantified.
Although it is generally accepted that a variety of weather systems contribute to rainfall over
the Cape south coast, their relative contributions have not been quantified to date. For
example, the relative contributions of ridging high pressure systems and cold fronts to rainfall
over the region are not known. Knowledge of the relative contribution by the various
configurations of cold fronts, ridging high pressure systems and tropical-temperate troughs
can provide insight into the relevant circulation dynamics, which in turn can potentially be
applied to improve rainfall forecasts over the region. The Cape south coast is a region with
complex topography that can interact with the atmospheric circulation and modify the
regional rainfall distribution (e.g. Singleton and Reason, 2006), as is evident from the
presence of indigenous forests on the seaward side of the mountain ranges over the central
parts of the region. Over these mountainous areas over the Cape south coast region, daily
rainfall totals in excess of 0.25 mm and 10 mm occur on average about 80 and 30 days per
year, respectively (Taljaard, 1996). Consideration of the various configurations within a
particular rain-producing synoptic type can implicitly account for the topographical effect on

rainfall, in particular when ridging high pressure systems are considered.

Interannual rainfall variability is an integral characteristic of climate over South Africa
(Mason and Jury, 1997; Reason et al., 2002; Washington and Preston, 2006; Weldon and
Reason, 2014). In comparison to the number of interannual rainfall variability studies
performed over the summer and winter rainfall regions of South Africa, the Cape south coast
has been neglected (Weldon and Reason, 2014), notwithstanding the Cape south coast region
being an important agricultural region (Weldon and Reason, 2014). Large areas of this
rainfall region are dependent on rainfed agriculture, whereas the areas that employ irrigation
practices are dependent on rainfall maintaining dam levels at desirable levels. Sufficient dam
levels are also crucial for household purposes as an increasing demand for water is
experienced in the region due to rapid urban growth (Holloway et al., 2012). Given the
importance of the agricultural sector for the economy of the region and this sector being
vulnerable to the impacts of climate variability, this study explores interannual rainfall
variability from a synoptic type frequency perspective since rainfall variability is the result of
changes in the frequency, duration, intensity (Mason and Jury, 1997) and location (Hart et al.,
2013) of rain producing weather systems. The anomalous behaviour of tropical-temperate

interactions and frontal systems is generally linked to interannual rainfall variability over the
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summer and winter rainfall regions, respectively (e.g. Todd et al. 2004; Reason and Rouault,
2005). The frequency and location of rain-producing weather systems can in turn be affected
by large-scale climate modes such as the Southern Annular Mode (SAM) (Reason and
Rouault, 2005; Malherbe et al., 2014) and the El Nifio Southern Oscillation (ENSO) (Mason
and Jury 1997; Reason et al., 2000; Washington and Preston, 2006; Philippon et al., 2012).
Changes in the location of rain-producing weather systems over the winter and summer
rainfall regions of South Africa associated with SAM and ENSO are evident during wet and
dry seasons. For example, wet winters over the southwestern part of the country are
associated with the negative phase of SAM (Reason and Rouault, 2005) as well as with El
Nifio (Philippon et al., 2012). The variability in the location and frequency of tropical-
temperate troughs (Todd et al., 2004; Fauchereau et al., 2009), an important contributor to
summer rainfall (Hart et al., 2013), can be influenced by ENSO (Lindesay, 1988). El Nifio
events are usually associated with below-normal rainfall totals and the less frequent
occurrence of tropical-temperate troughs over the central and eastern interior regions of South
Africa. It may be noted that wet summers are not necessarily associated with increased
tropical-temperate trough frequencies (Hart, 2012). Our current understanding of rainfall
variability over the Cape south coast region is not as fully explored as that compared to the
winter and summer rainfall regions of the country and is based on a few studies only (Jury
and Levey, 1993; Weldon and Reason, 2014). It has been suggested that COLs and ridging
high pressure systems play a part in interannual rainfall variability, in the sense that the
occurrence of these systems are disrupted during dry years (Jury and Levey, 1993). There are
also indications that an association exists between anomalous rainfall years over the Cape
south coast, ENSO and COLs via increased COL frequencies observed during the mature
phase of La Nifia events (usually associated with wet conditions over South Africa) (Weldon
and Reason, 2014). Dry years over the Cape south coast are usually associated with a lower
frequency of COLs, but without an ENSO association. It has also been shown that during La
Nifia events, a link is observed with wet-day frequencies over the Cape south coast for the

months of December and January (Weldon and Reason, 2014).

With the Cape south coast being largely an agricultural region, it can benefit from reliable
rainfall forecasts, in particular forecasts on the seasonal time scale as most decision making
in the agricultural sector is needed on a season to season basis. The predictability of rainfall
over the Cape south coast region (at both short and long-range time scales) has remained

relatively unexplored. Seasonal forecasting over South Africa has focused mostly on the
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summer rainfall region for the December to February period (e.g. Landman and Goddard,
2005) when the association between rainfall totals and the ENSO is known to exist. The most
skillful seasonal forecasts are indeed found over the northeastern interior of South Africa
during ENSO seasons (Landman and Beraki, 2012). For these forecasts, the seasonal mean of
circulation (e.g. 850 hPa geopotential height) is used as predictor. This seasonal forecasting
approach do not yield skill over the Cape south coast comparable to skill found over the

remainder of the country and in particular over the northeastern interior.

In this study the synoptic types contributing to rainfall over the Cape south coast are
objectively determined, and their respective roles in determining the seasonal cycle in rainfall
over the region are investigated. Associations between the large-scale modes of variability
(e.g. ENSO and SAM) with the intraseasonal distribution of synoptic types are subsequently
explored, and the interannual variability of the intraseasonal frequencies of the synoptic types
is described. Finally, the predictability of the intraseasonal frequency of different synoptic
types at seasonal time scales is explored for the Cape south coast. If it can be shown that the
intraseasonal variation in circulation over the Cape south coast can be predicted skilfully at
interannual time scales, it will imply that skilful rainfall forecasts can be generated through

the use of daily circulation statistics.
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1.2 Research problem

From a climatological perspective, the relative contribution to rainfall over the Cape south
coast by the different rain-producing systems and the various configurations of these systems
have not been collectively quantified to date. The contributions from tropical-temperate
troughs and COLs to rainfall over the country at station level have been determined (Favre et
al., 2013; Hart et al., 2013) as these systems have long being recognized as important rainfall
producing weather systems (e.g. Harrison, 1984; Taljaard, 1996) and from time to time are
associated with high impact rainfall events (e.g. Hart et al., 2010; Singleton and Reason,
2006). With regards to the Cape south coast it is known that other synoptic weather systems,
such as cold fronts and ridging high pressure systems also contribute to rainfall (Jury and
Levey, 1993; Taljaard, 1996). As a first step to better understand the circulation dynamics
responsible for the all-year nature of rainfall along the Cape south coast, quantification of the

contribution by the different rain-producing weather systems is needed.

The Cape south coast is also known to be vulnerable to the impacts of interannual rainfall
variability, even though variability here is not as pronounced as over the remainder of the
country (Taljaard, 1996). Floods and droughts occur over the Cape south coast from time to
time, with the impact of droughts being particularly severe due to urban growth in the region
and an associated increase in water demand. New insight into the variability of synoptic types
on interannual time scales and potential relationships with large-scale climate modes may
lead to improved understanding and forecasts of climate variability over this region.
However, rainfall variability studies concerning the Cape south coast is scarce and those that
exist have not explicitly considered synoptic type characteristics and the frequency
distribution of synoptic types in an attempt to better understand the variability. A synoptic
type frequency distribution approach in studying rainfall variability can complement and
potentially improve our current understanding of the underlying dynamics associated with
rainfall variability. Furthermore, an improved understanding of the synoptic type frequency
distribution can contribute to verification of climate model simulations of circulation over the
region. If climate models are not able to simulate circulation systems realistically over the

region, it may be challenging to reliably predict rainfall there with these models.
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1.3

Aim and objectives of the study

Given the problem statement above, the aim of the research is to describe the contribution of

different synoptic types to rainfall over the Cape south coast region, explore the potential

association between synoptic type distributions within a season with interannual rainfall

variability over the Cape south coast and then finally to investigate within-season

predictability of synoptic type frequencies.

Hence the specific objectives are:

1.4

To objectively identify the main synoptic types prevailing over the Cape south coast
and to quantify the relative contribution of the different synoptic types in causing
rainfall over the region.

To gain more insight into the synoptic climatology responsible for the region’s all-
year rainfall uniqueness and the existence of the autumn and spring rainfall
maximums. Even though the existence of these rainfall peaks is attributed to cut-off
lows and ridging anticyclones as stated in the literature (e.g. Jury and Levey, 1993),
there is no evidence that daily circulation patterns have already been explicitly and
objectively analysed to support this notion.

To determine the association between the frequency of synoptic types and interannual
variability of seasonal rainfall.

To investigate the influence of large-scale climate modes such as ENSO and SAM on
rainfall variability over the all-year rainfall region, in particular in the context of the
frequency of occurrence of circulation regimes that favour the occurrence of rainfall
events.

To investigate predictability of the intraseasonal synoptic type frequency distribution

at the seasonal time scale

Thesis outline

Chapter 2 provides, in the form of an already published peer-reviewed journal paper, a

synoptic decomposition of rainfall over the Cape south coast of South Africa. The

contribution by the different rain-producing weather systems over the Cape south coast is

quantified and the nature of the annual rainfall cycle is subsequently explored. In particular,
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the existence of the autumn and spring rainfall peaks is investigated. Particular attention is
given to the role of COLs in explaining the nature of the annual rainfall cycle. Chapter 3, also
presented in journal paper format, has been published online in a peer-reviewed journal. In
this chapter, the links between interannual variability of seasonal rainfall over the Cape south
coast of South Africa and different synoptic types as well as ENSO and SAM are explored.
Chapter 4 is in the form of a journal paper under review, and investigates the predictability of
within-season synoptic type frequencies at the seasonal scale by making use of a coupled
global circulation model. Chapter 5 provides a summary of the main findings of the thesis,
states the conclusions that can be drawn and makes some recommendations for future

research related to this thesis.

Given that all figures and tables are specific to two published and an under-review paper, a
list is not provided in the contents section. Furthermore, each paper (Chapter 2 — 4) is
followed by the reference list specific to that paper and journal requirements. The reference

list for this chapter (Chapter 1) is provided below.
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Chapter 2: A synoptic decomposition of rainfall over the Cape south coast

of South Africa

Preface

This chapter consists of one published peer-reviewed paper as follows:

Engelbrecht CJ, Landman WA, Engelbrecht FA, Malherbe J (2015) A synoptic
decomposition of rainfall over the Cape south coast of South Africa. Climate Dynamics 44:

2589-2607. doi: 10.1007/s00382-014-2230-5

Towards reaching the first objective of the study, the contribution of various synoptic types to
rainfall over the Cape south coast of South Africa is quantified in this paper. To determine
the contribution of synoptic types to rainfall a synoptic climatology is derived by application
of the self-organizing map (SOM) technique before rainfall is associated with each of the
identified synoptic types. The seasonal cycle of rainfall over the Cape south coast is
reassessed, and the synoptic types responsible for the autumn and spring rainfall peaks are
identified. Additional to the synoptic type classification by application of a SOM, COLs were
objectively identified and tracked in order to determine the contribution of COL- induced rain
and the role they play in the observed autumn and spring rainfall peaks. To provide context of
the limited extent of the all-year rainfall region and its unique seasonal cycle, comparisons
are made to two adjacent regions in the interior to the north. The synoptic climatology
derived in this paper is used in an investigation of interannual variability of seasonal rainfall

and synoptic type association, presented in the next chapter.

The paper was co-authored with WA Landman, FA Engelbrecht and J Malherbe. The
conceptualization of the paper, collection of all the data as well as the analysis performed in

this paper were done by me.
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Abstract

A synoptic climatology is derived for the Cape south coast region of South Africa by
application of the self-organizing map (SOM) technique. The SOM is applied to average
daily low-level circulation fields, as represented by sea-level pressure (SLP) anomalies for
the period 1979-2011. This coastal region receives rainfall all-year round with slight peaks
during March-April and with more pronounced peaks during August and October-November.
The synoptic forcing responsible for this annual multi-modal rainfall distribution is identified,
and the relative contribution of different synoptic types to the annual rainfall is quantified.
Ridging high pressure systems contribute to 46% of the annual rainfall, while tropical-
temperate troughs contribute 28%. Cut-off lows (COLs) co-occurring with ridging highs and
tropical-temperate troughs are associated with 16% of the annual rainfall total. The
contribution of ridging high pressure systems decreases from south to north, whilst the
opposite is true for tropical-temperate troughs. COLs, ridging high pressure systems and
tropical-temperate troughs are associated with the March-April rainfall peak, while COLs are
largely associated with the August rainfall peak. Ridging high pressure systems and to a
lesser extent tropical-temperate troughs, are responsible for the October peak observed along
the coast, while the November peak over the adjacent interior regions is associated with

COLs that occur in combination with the tropical-temperate troughs during this month.
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Key words: All-year rainfall region, Cape south coast of South Africa, Synoptic types, Cut-
off lows, Ridging high pressure systems.

2.1 Introduction

The Cape south coast of South Africa (Fig. 1) receives rainfall all-year round, with peaks
during autumn and spring (e.g. Taljaard 1996; Weldon and Reason 2014). The all-year nature
of rainfall of this region is in strong contrast to the pronounced seasonality that characterizes
rainfall over most of South Africa: the country is largely a summer rainfall region (e.g.
Fauchereau et al. 2009), with winter rainfall occurring over the southwestern Cape area (Fig.
1) (e.g. Philippon et al. 2011). The southern areas of South Africa largely receive rainfall
from organized synoptic-scale weather systems (Tennant and Hewitson 2002), whilst rainfall
over the northern and eastern interior regions are mostly of a convective and sometimes
tropical nature (e.g. Malherbe et al. 2012). The all-year rainfall region of the Cape south
coast, which to some extent may be thought of as forming a boundary region between the
winter and summer rainfall regions, is meteorologically one of the more complex regions of
South Africa. Rainfall over the region results from well-defined mid-latitude systems,
tropical systems and convection from the north, and complex interactions and linkages
between these very different systems. Superimposed on the synoptic circulation there are
also meso-scale circulation systems, which result from interactions of the larger scale flow
with mountainous topography inland of the coastal area and the moisture laden air above the
Agulhas current flowing along the Cape south coast of South Africa. (e.g. Rouault et al.
2002; Singleton and Reason 2006).

Mid-latitude weather systems bringing rainfall to the Cape south coast include cold fronts,
west-wind troughs, cut-off lows and ridging high pressure systems (e.g. Taljaard 1996; Favre
et al. 2013; Weldon and Reason 2014). When rainfall over the region is of a tropical nature, it
is usually from tropical-temperate trough cloud bands (e.g. Taljaard 1996; Hart et al. 2013).
Of the different rain bearing systems, it is mostly COLs that are associated with high-impact
events over the region. In fact, across South Africa, COLs are known to on occasion produce
24-hour rainfall totals exceeding the relevant climatological monthly rainfall total at
particular locations (e.g. Singleton and Reason 2006; Singleton and Reason 2007a; Muller et

al. 2008). These systems can be extremely hazardous, producing floods with consequent
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damage to infrastructure and sometimes loss of life (Weldon and Reason 2014). An important
example is the Laingsburg floods of January 1981, in which 104 people drowned in a flood of
the Buffels river (Roberts and Alexander 1982; Singleton and Reason 2007b). To date, the
most rainfall that has been recorded from a single COL event occurred during September
1987 when the 3-day rainfall total along the KwaZulu-Natal coast exceeded 900 mm
(Singleton and Reason 2007b). COLs have also been associated with numerous extreme
rainfall events along the Cape south coast (e.g. Hayward and van den Berg 1968; Hayward
and van den Berg 1970; Rouault et al. 2002; Singleton and Reason 2006; Singleton and
Reason 2007a), with the COL event during September 1968 causing floods in the Port
Elizabeth area as 500 mm rain fell within 24-hours. These high-impact rainfall events may
have led to a perception that COLs are the main rain-producing weather systems over the

region.

However, the relative contributions of different weather systems in causing rainfall over the
Cape south coast have not been formally quantified. Recently, the contribution of COLs to
rainfall over the southern African region has been analysed by Favre et al. (2013). COLs have
been shown to explain a higher proportion (more than 20%) of rainfall totals over the Cape
south coast compared to the winter and summer rainfall regions (Favre et al. 2013). For this
region, the largest contribution of COLs to rainfall is experienced during the period July to
September (JAS), compared to the periods October to December (OND), April to June (AMJ)
and January to March (JFM) when the lowest contribution of COLs to rainfall is experienced
(Favre et al. 2013). Apart from COLs, ridging high pressure systems have also been
recognised as important in contributing to rainfall over the mountainous regions bordering the
Cape south coast (e.g. Weldon and Reason 2014). In fact, it has been suggested that COLs are
responsible for the autumn rainfall peak, with ridging high pressure systems driving the
spring rainfall peak over the all-year rainfall region (Jury and Levey 1993). However, the
contribution of ridging high pressure systems to rainfall over the Cape south coast has not
been quantified to date. The weather system responsible for the bulk of summer rainfall over
the southern African region is the tropical-temperate trough, characterized by a north-west to
south-east aligned cloud band that develops as a result of the interaction between a tropical
low and a temperate westerly wave by means of a subtropical trough (Washington and Todd
1999). Tropical-temperate troughs cause on the average about 39% of rainfall over the
summer rainfall region (Crimp et al., 1997). The maximum frequency of occurrence of

tropical-temperate troughs is during November (Hart et al. 2013), when they are also
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responsible for 30-60% of rainfall occurring along the Cape south coast (Hart et al. 2013).
Their relative contribution for December remains high (30-50%) (Hart et al. 2013).

The main aims of this paper are to objectively determine the relative importance of different
synoptic types in causing rainfall over the Cape south coast, and to gain more insight into the
synoptic climatology that results in the region’s all-year rainfall uniqueness. Of particular
interest is the relative importance of ridging highs in causing rainfall over the Cape south
coast (i.e. compared to COLs). Interactions between ridging highs and COLs, and tropical-

temperate troughs and COLs in causing rainfall over the region are also considered.

2.2 Data and methodology

2.2.1 Weather station data

Rainfall station data for the Cape south coast and adjacent interior extending to the southern
escarpment were selected based on completeness (more than 66% of the days in a particular
month need to be present and pass data quality tests) of daily rainfall records for the period
1979-2011. Twenty-two weather stations from the South African Weather Service (SAWS)
complied with the desired criteria (see Fig. 1 for the locations of the selected stations). The
selected station data were subjected to extreme and missing value tests to ascertain data
quality. Entries failing these tests were replaced by estimated values derived from
neighbouring stations. The beginning of the study period was selected to be 1979, as
reanalysis data from the National Centers for Environmental Prediction (NCEP) (Kalnay et
al. 1996) prior to 1979 do not have the advantage of satellite data being incorporated into the
reanalysis procedure (Tennant 2004). The station data are used in the research to quantify the
contribution of different synoptic types to rainfall over the Cape south coast and adjacent

interior regions.
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Fig. 1 The geographic location of the study region within South Africa (indicated by the
rectangle - solid black lines). The 3 sub-regions of interest, labeled as Region 1, Region 2 and
Region 3, are delineated by the black dotted lines on the zoomed-in view of the study region.
Numbers 1 to 22 indicate the selected rainfall stations used in the analysis of rainfall
attributes. The background shaded color contours of the mean annual rainfall are based on the
ARC in-house developed gridded rainfall dataset

2.2.2 Gridded data

Two independently constructed gridded rainfall datasets, the Famine Early Warning System
(FEWS) and the Climatic Research Unit (CRU) version TS3.1, were utilized for the
delineation of the all-year rainfall region. Gridded data were used for this purpose rather than
the station data described above, due to the uneven distribution in space of stations with
records of sufficient length and quality. The FEWS data are a merged satellite-gauge gridded
daily rainfall dataset with a resolution of 0.1° longitude by 0.1° latitude, with records
commencing in January 1983 (Sylla et al. 2013). The CRU TS3.1 monthly gridded rainfall

dataset has a resolution of 0.5° longitude by 0.5° latitude, is based solely on station data and is
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available for the period 1901 to 2009 (Harris et al. 2014). The all-year rainfall region may be

defined using the following criteria as guidelines:

* The ratio of the rainfall amount for the month of minimum rainfall to rainfall of the
month of maximum rainfall is relatively high compared to regions of strong
seasonality.

* Each month of the year needs to be associated with at least 5% of the annual rainfall.
This 5% threshold is based on graphs produced by Taljaard (1996), where the
monthly contribution to the annual rainfall for various rainfall regions as identified by
van Rooy (1972) is presented.

* The average monthly fluctuation of rainfall relative to the average monthly rainfall
over the all-year rainfall region should be small compared to that of the winter and

summer rainfall regions (see Section 3 for details).

It may be noted that prior to using the gridded datasets for the purpose of identifying the
spatial extent of the all-year rainfall region, it was first established that these rainfall sets
sufficiently describe the annual rainfall cycle over South Africa. This was achieved through a
comparison of the monthly rainfall climatologies of the gridded datasets against those of the
selected weather stations, as well as those of a third gridded rainfall climatology. The latter
was developed at the Agricultural Research Council (ARC), using station data from both the
ARC and SAWS. Despite the general underestimation of rainfall totals over Africa in FEWS
data, in particular over regions of orography (Sylla et al. 2013), both datasets have been
found to give representations of the area of all-year rainfall consistent with the raw weather
station data and the mentioned ARC dataset. The mean annual distribution of rainfall over
South Africa, as described by the ARC dataset, is shown in Figure 1. Note that mean annual

rainfall totals exceeding 1000 mm occur in places along the Cape south coast.

2.2.3 Atmospheric circulation data

Daily averaged sea-level pressure (SLP) and geopotential height data of the 850, 700, 500
and 200 hPa pressure levels from NCEP reanalysis data, NCEP 1 (Kalnay et al. 1996), for the
period January 1979 to December 2011 are utilized. The NCEP data has a horizontal
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resolution of 2.5 by 2.5° and a vertical resolution of 17 pressure levels. The daily weather
over the Cape south coast region is strongly dependent on the low-level circulation, and the
main source of moisture is the ocean. In particular, major rainfall events over the region are
associated with the low-level moisture flux originating from the Agulhas current to the
southeast (e.g. Rouault et al. 2002; Singleton and Reason 2006; Singleton and Reason
2007a). Therefore, daily SLP is employed for the identification of low-level circulation

patterns.

2.2.4 Weather pattern identification

Weather patterns that influence the Cape south coast region of South Africa were objectively
identified by application of the self-organizing map (SOM) technique (Kohonen 2001). The
technique is based on an unsupervised nonlinear clustering algorithm that organizes the input
data into a user-specified number of nodes that span the continuum of types in the input data.
The technique is well suited for weather pattern identification where the daily transitions
between weather patterns are important (Hewitson and Crane 2002). SOMs are increasingly
being employed in climate studies focusing on the southern African region (e.g. Hewitson
and Crane 2002; Tennant and Hewitson 2002; Tozuka et al. 2014; Van Schalkwyk and Dyson
2013). NCEP reanalysis daily averaged SLP data for the period 1979-2011 was used to
develop a SOM relevant to the Cape south coast region. Atmospheric circulation, here the
SLP circulation, is driven by the SLP gradients and do not depend on the actual magnitudes
of the SLP (Schuenemann et al. 2009). To obtain the required daily gradient fields, the daily
domain average of SLP was subtracted from the SLP at each grid point. The SOM was
constructed for the region 45° S to 32.5° S and 10° E to 40° E. The selected region allows for
capturing the progression of high pressure systems and troughs, advancing from west to east,
to the south of the Cape south coast. The northern boundary of the SOM region was
purposefully selected to extend to only 32.5° S. If this boundary is chosen further to the north,
to include most of the interior of South Africa, the synoptic types identified by the SOM are
dominated by the prevailing wintertime high pressure systems over the interior. Furthermore,
SLP is used as a variable to develop the SOM, as the circulation over the oceans bordering
the subcontinent is crucial in inducing rainfall over the Cape south coast (see Section 2.3). It
may be noted that tropical-temperate trough linkages are captured with the SOM

configuration as described, even though the northern boundary of the SOM region is limited

18

© University of Pretoria



to the extreme southern parts of the interior (see Section 3). The typical SLP patterns
associated with COLs (e.g. Taljaard 1985; Tennant and van Heerden 1994) are also captured.
For the purpose of this study, it is appropriate to apply a relatively large SOM to avoid over
generalizing the richness of weather patterns that occur over the region into a too small
number of nodes (synoptic types). SOMs that classify daily SLP circulation into 12, 20 and
35 synoptic types, respectively, have been considered. It was found that the 12 and 20 node
SOMs do not capture the various stages of sea-level anticyclones, ridges and troughs
adequately. Of particular importance, is that the known variations in the position and
amplitude of SLP ridges and troughs that are representative of weather patterns ranging from
weak synoptic flow to tropical-temperate troughs and COLs, are well represented in the
SOM. Capturing the variations in ridging anticyclones is important as the rainfall produced
by these systems is influenced by the nature of the onshore flow onto the coastal mountains
(e.g. Taljaard 1985; Weldon and Reason 2014). Topographically induced rainfall occurs on
the seaward side of the west-east orientated Cape Folded mountain range along the Cape
south coast (Philippon et al. 2011), where strong topographic gradients are found (Singleton
and Reason 2006). Figure 2 shows a map of the topography as represented by the Shuttle
Radar Topography Mission (SRTM) Digital Elevation Model (DEM) data (Weepener et al.
2012). Some peaks of the Cape Folded mountain range are of comparable elevation to the

mountains found over the interior plateau located further northwards (Fig. 2).
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Fig. 2 Topography of the Cape south coast as represented by SRTM DEM data. The Cape
Folded mountain range is indicated by the black rectangle.
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Following Schuenemann et al. (2009), the statistical significance of the frequency for which
the daily SLP anomalies map to each node is determined by calculating a 95% confidence
interval around the probability that any daily SLP anomaly would map to any node (2.86%
for the 7x5 SOM used in this study). By assuming that the process is binomial, the 95%

confidence limits are calculated by

p £ 1.96 [@]1/2,

where p is 2.86% (the probability that any daily SLP anomaly field would map to any node)
and n is 12053 (number of daily SLP anomaly fields). The calculated confidence interval
around 2.86% is 2.56 to 3.15%. The observed frequency of a node is considered significantly

different from 2.86% at the 95% confidence level if it falls outside this calculated interval.

2.2.5 Identification of cut-off lows

On the average, only about 11 COLs occur annually over the southern African region
(Singleton and Reason 2007b), implying that these systems would not feature as a stand-
alone synoptic type in the 7x5 SOM based on daily circulation fields presented in this paper.
Indeed, COLs may occur in conjunction with a number of different low-level circulation
patterns - most commonly in association with a strong ridge of high pressure in the low-levels
polewards of the upper COL (e.g. Taljaard 1985; Tennant and van Heerden 1994; Katzfey
and Mclnnes 1996; Favre et al. 2012), in combination with tropical-temperate troughs (Hart
et al. 2013), and further, as a COL system evolves, in association with the evolving high
pressure system (ridging progressively from the southwest to southeast of South Africa). The
typical low-level circulation associated with tropical-temperate troughs - a meridional trough
that links the Angola low and a mid-latitude wave/cyclone, is illustrated in Tennant (2003)
and Hart et al. (2010, 2012). An objective tracking methodology is therefore used in order to
study the effects of these important rainfall producing systems on rainfall attributes over the

Cape south coast region.

20

© University of Pretoria



NCEP reanalysis data (Kalnay et al. 1996) was utilized for the purpose of identifying and
tracking COLs over the period 1979-2011. Over South Africa, COLs exhibit a typical length
scale of 1000 km (e.g. Singleton and Reason 2007b) and are therefore well resolved on the
2.5° resolution grid of the NCEP data. In this paper, a COL is defined as a closed-low (a local
minimum in the geopotential height at the 500 hPa level) that possesses a cold core,
following the criteria used by Favre et al. (2012). The daily-average geopotential height and
temperature fields at 500 hPa are utilized for identifying and tracking COLs. All COLs that
occurred for at least 24-hours within the domain bounded by 40° S —20° S and 10° E-40" E
are considered in this study. The closed-lows are identified and tracked by applying an
objective, automated tracking algorithm. Geopotential minima are identified by comparing
the geopotential of each grid point in the domain bounded by 40° S —20° S and 10° E —40° E,
to the geopotential values of the square of eight surrounding grid points on the latitude
longitude grid. Closed-low tracks are constructed by identifying the geopotential minima of
time step 7+/ nearest to the geopotential minima at time step ¢, provided that this distance is
less than 1000 km. This distance implies that closed-lows are assumed to have a mean daily
speed that do not exceed 42 km/h (Favre et al. 2012). The tracking procedure is developed in
such a manner that any geopotential minima can only be part of a single track (see
Engelbrecht et al. 2013 for details). To identify the COL tracks from the database of closed-
low tracks, the approach utilized by Favre et al. (2012) is applied in this study. All the closed-
low tracks identified through the procedure outlined above are subsequently subjected to tests
described in Favre et al. (2012) to ensure that it is of extra-tropical origin, detached from the
westerlies and has a cold-core. Figure 3 and 4 show the geographical distribution (expressed
as the number of COL days per grid point) and the annual cycle in the number of COLs for
the domain 40° S — 20° S and 10° E — 40° E respectively. There are two geographical regions
of preferred COL day occurrence, namely in the Mozambique Channel as well as over the
Atlantic Ocean extending in over the southwestern part of South Africa (Fig. 3). The spatial
pattern of the geographical distribution of COL days identified in this study is in good
agreement with that of Favre et al. (2013), while the two regions of preferred COL
occurrence correspond with the two quadrants representative of the highest frequency
distribution of the number of COLs as found by Singleton and Reason (2007b). COL events
peak during autumn (Fig. 4, March-May) with the least occurrence in November-January
(Fig. 4), consistent with the findings of Taljaard (1985), Singleton and Reason (2007b) and
Favre et al. (2013).

21

© University of Pretoria



20S
1.5
1.4
1.3
1.2
1.1

25S

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

30S

35S

10E 15€ 20E 25E 30F 35E 40E

Fig. 3 Mean annual COL frequency over the domain 40° S — 20° S and 10° E — 40° E
expressed as the number of COL days per grid point

1979-2011
=
N
g <
O -
et @
S o7
2
E S
=3
4
<
o
o
o _
o
Feb Mch Apr May Jun Jul Aug Sep Oct Nov
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Rainfall associated with cold-cored systems occurs mainly some hundreds of kilometers to
the northeast, east and southeast of the centers of these systems (Taljaard 1995). From the
constructed COL dataset for the period 1979-2011, all the COLs that occurred west of 32.5
°E were considered to be potentially responsible for rainfall over the region (e.g Favre et al.
2013). Such COLs associated with rainfall over the study region, at least at a single station,
are defined as rainfall producing COLs. Finally, for each day that a COL was identified as a
rain-producing weather system over the study area, the circulation of that day was mapped
onto the synoptic types identified by the SOM. This enables the identification of the synoptic

types that are most frequently associated with COLSs that influence the study area.

2.2.6 Relating rainfall to the identified synoptic types

To relate rainfall to the main synoptic types identified by the SOM, daily rainfall data (1979-
2011) for weather stations in the Cape south coast region and adjacent interior were mapped
to the SOM. That is, for each day in the time series the relevant circulation pattern may be
associated with one of the SOM’s synoptic types (e.g. Tennant 2003). The corresponding
daily rainfall totals are subsequently associated with the relevant synoptic type, on a station-
by-station basis. This enables calculating the percentage of annual rainfall associated with a
specific synoptic type for each station in the region. Note that the study region allows for the
contributions of different synoptic types to rainfall over the all-year rainfall region to be
compared to contributions to rainfall over the summer rainfall region to the north (Fig. 1).
The spatial distribution of rainfall over the study region exhibits a marked north-south
gradient, with annual rainfall totals exceeding 1000 mm along the Cape Folded mountain
range in the south whilst less than 200 mm of rain is observed over the Karoo just north of
the Cape Folded mountain range. Further to the east, over the interior of the study region, the
annual rainfall totals vary between 300 and 700 mm. These different rainfall distributions
were used to identify 3 separate regions for which rainfall was categorized according to the
different synoptic types (see Section 3 for details). The percentage contribution by each node
to the annual rainfall for a particular region was calculated by averaging the percentage

contributions to rainfall recorded at each of the weather stations in the particular region.
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2.3 Results
2.3.1 Attributes of rainfall over the Cape south coast and adjacent regions

2.3.1.1 Spatial extent of the all-year rainfall region

Application of the criteria describing all-year rainfall attributes (see Section 2.2) on CRU
TS3.1 and FEWS mean monthly rainfall data, yields remarkably similar spatial patterns (Fig.
5) — across the 3 different metrics, and across the 2 data sets. Qualitatively, the metrics
indicate that the spatial extent of the area receiving rainfall all-year round along the Cape
south coast is found within the collective boundaries described in other studies (e.g. Taljaard
1996; Landman et al. 2001; Rouault and Richard 2003; Weldon and Reason 2014). Along the
coast, the all-year rainfall region is found approximately between 21° E and 27° E, while its
northern extent is mostly restricted by the Cape Folded mountain range (Fig. 2). The extent of
the all-year rainfall region is well illustrated by the metric of the number of months of the
year that receive 5% or more of the annual rainfall. In both CRU (Fig. 5¢) and FEWS (Fig.
5d), 11-12 months of the year satisfies the criteria over the mentioned area. Weather stations
number 1 to 12 in Figure 1 are located in this region — and all receive 5% or more of the
annual rainfall total during each month of the year. This region will be referred to as Region 1
in the study and from here onwards is regarded to define the Cape south coast (or all-year
rainfall) region. The data from weather stations number 1 to 12 as seen on Figure 1 are used
for the analysis concerning rainfall attributes of Region 1. From the western part of the all-
year rainfall region along the Cape south coast, a relatively narrow region that exhibits
pseudo all-year rainfall characteristics extends northwards, to the east of the western
escarpment (see the arrows in Figs. 5S¢ and 5d). As the main focus of this study is on the Cape
south coast, this secondary all-year rainfall region is analysed separately as Region 2. It is
defined to have 32.3 °S as northern boundary and 22.8 °E as eastern boundary, and includes
weather stations number 13 and 14 (Fig. 1). For these two stations all months, with the
exception of September, receive 5% or more of the annual rainfall. Region 3 comprises of
weather stations number 15 to 22. Region 3 exhibits summer rainfall characteristics, as seen
in the ratio of the month of minimum rainfall to the month of maximum rainfall (Fig. 5a, b).
For the stations located in this region, at least 3 months receive on the average monthly
rainfall totals that are less than 5% of the annual rainfall. It may finally be noted that there is

a small area along the north coast of KwaZulu-Natal that also exhibits all-year rainfall
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attributes, according to the metrics presented in Figure 5. The circulation dynamics of this
region are likely to be very different to that of the Cape south coast, and its investigation falls

beyond the scope of the current paper.

(e) CRU

(%) Number of months

§ 10 15 20 25 30 35 40 45 50 55 60 1T 2 3 4 5 6 7 8 9 W0 1M 12

Fig. 5 Delineation of rainfall regions in South Africa according to the ratio of the month of
minimum rainfall to the month of maximum rainfall (a, b), the number of months for which
the mean monthly rainfall total contributes 5% or more to the mean annual rainfall total (c,
d), and the average fluctuation of monthly rainfall from the monthly mean rainfall expressed
as a percentage (e, f), calculated from CRU (a, c, ¢) and FEWS (b, d, f) data for the period
1983-2009

2.3.1.2 Annual rainfall cycle

The annual rainfall cycle over Region 1 (based on the monthly rainfall totals averaged over
weather stations number 1 to 12) exhibits 3 peaks (Fig. 6). These peaks occur during March-
April, August and October, with the October peak of 80 mm being the highest (monthly totals
averaged over the period 1979-2011 are shown). A rainfall hiatus occurs in September.

Region 2 has rainfall peaks during April and November (based on weather stations number
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13 and 14), with April the month with the highest rainfall total. Over Region 3, a summer
rainfall region, rainfall peaks over the period November to March. The November peak is
slightly higher than the February-March peak. The September rainfall hiatus is present over
Regions 2 (Fig. 6b) and 3 (Fig. 6¢) as well, although less prominent in amplitude compared to
the Region 1 hiatus. (Fig. 6a). A key objective of the paper is to explain the existence of the

three rainfall peaks of Region 1, from a synoptic type perspective.

(a) Area-averaged rainfall: Region 1
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Fig. 6 Area-averaged annual rainfall cycle for the period 1979-2011 over (a) Region 1, (b)
Region 2 and (c) Region 3 as described by weather station data (solid line) and FEWS rainfall
(dotted line)
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Regarding the delineation of the all-year rainfall region, the application of the all-year rainfall
criteria on CRU and FEWS rainfall data produced in general similar results and is useful to
describe the spatial extent of the region (Fig. 5). Application of the criteria to the weather
station data produced consistent results. Similarly, the annual rainfall cycle described by the
weather station data for Regions 1 to 3 is qualitatively captured by the FEWS rainfall
estimates (Fig. 6) and CRU data (not shown). That is, despite the monthly rainfall totals being
underestimated by FEWS, the annual rainfall cycle with respect to the peaks and September
hiatus is captured. All subsequent rainfall analyses presented in this study are based on the

weather station data.

2.3.2 Synoptic type classification

Figure 7 shows the synoptic type classification produced by the SOM algorithm. Each node
in the SOM represents a single SLP anomaly pattern representative of a portion of the 12053
daily patterns used to train the SOM. The frequency of occurrence for each of the nodes is

indicated at the top right of the relevant node, with the node number shown at the top left

(Fig. 7).
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Fig. 7 SOM of SLP anomalies (hPa) based on daily NCEP reanalysis data from 1979 to 2011.
Anomaly SLP contour interval is 2 hPa. Light and dark shades represent negative and
positive SLP anomalies, respectively. The node numbers as well as the node frequency of
occurrence are indicated on the figure. Nodes occurring outside the range of 2.56-3.15%,
have lower or higher than average occurrences statistical significant at the 95% confidence
level. Clustering of the main synoptic types is indicated and represent ridging high pressure
systems southeast of the subcontinent (RE), tropical-temperate troughs (TTT), troughs
southwest of the subcontinent (TSW), troughs southeast of the subcontinent (TSE), ridging
high pressure systems from the southwest (RSW) and weak synoptic flow (WSF)

Fig. 8 Sammon map for the SOM shown in Fig. 7
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On a SOM, similar synoptic patterns are grouped together with nodes characterized by very
different patterns being further apart. From the Sammon map shown in Figure 8 it can be
seen that the nodes in the top half of the SOM, in particular the top-middle region, are more
similar to adjacent nodes compared to the nodes found in the lower half of the SOM.
Generally, the lower part of the SOM is occupied by circulation patterns typical of winter, the
upper part by circulation patterns typical of summer and the central part by circulation
patterns occurring throughout the year. The spatial rainfall distribution associated with the
SOM nodes, represented by composites derived from FEWS data and expressed as mm/day,
is shown in Figure 9. The synoptic patterns differentiate between distinct rainfall patterns,
including rainfall maxima over the Southwestern Cape (e.g. nodes 1-5) tropical-temperate
rainband events (e.g. nodes 22, 23, 26, 33), rainfall maxima over the east coast (e.g. nodes 27,
28, 35) and typical summer convection over central and eastern South Africa (e.g. nodes 17-
19). The nodes that occur most frequently during each month of the year may be discerned
from analysis presented in Figure 10. The circulation patterns represented in the lower left
corner of the SOM (Fig. 7) are strong frontal troughs that occur most frequently during June
to August (Fig. 10g, h, 1). For September (Fig. 10j), the nodes occurring most frequently are
placed in the lower right corner of the SOM. Here, the paths of the frontal troughs are
displaced slightly polewards compared to the winter tracks, allowing for the Atlantic Ocean
High (AOH) to extend a ridge along the southern coastal belt of the subcontinent, mainly
overland. At the start of the summer season (Fig. 10k, 1) and during December (Fig. 10a),
ridging high pressure systems from the southwest ridge from further south (nodes middle and
upper right part of the SOM) as the frontal troughs continue to be displaced polewards, with a
cell of high pressure moving eastwards to be situated southeast of the subcontinent (upper left
corner of the SOM). For January, February and March (Fig. 10b, c, d), the nodes in the upper
part of the SOM represent the dominant synoptic types. These nodes are representative of the
various configurations of tropical-temperate troughs, transforming to tropical-temperate
linkages over the western interior during April (Fig. 7 node 15, Fig. 10e). By May (Fig. 10f),
the nodes representative of frontal troughs that have migrated equatorward after the summer

months, are becoming more frequent again.
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Fig. 9 Rainfall composites expressed as mm/day derived from FEWS data for the period
1983-2011 for each of the SOM nodes as seen in Fig. 7
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Fig. 10 Node frequencies (%) for (a) December (1023 days), (b) January (1023 days), (c)
February (932 days), (d) March (1023 days), (e) April (990 days), (f) May (1023 days), (g)
June (990 days), (h) July (1023 days), (i) August (1023 days), (j) September (990 days), (k)
October (1023 days) and (1) November (990 days) that map to each node based on the total
days of the particular month from 1979-2011

2.3.3 Relative contribution of synoptic types to rainfall over sub-regions

The regionally averaged daily rainfall associated with each node as well as the percentage
contribution of each node to the annual rainfall over each of the regions are shown in Fig. 11.
The COLs identified by the tracking algorithm were mapped to the relevant node of the SOM
for inclusion in the analysis with regards to the relative contribution of the synoptic types to
the annual rainfall over the sub-regions (Fig. 12). During 1979-2011, 222 COL events (511
COL days) were associated with rainfall over the study region. COL-induced rainfall over the
study region is mostly associated with COLs located over the southwestern interior and over

the ocean to the west of the country (Fig. 12).
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Over all the regions, nodes in the upper right part of the SOM are responsible for a relatively
large contribution to the annual rainfall (Fig. 11d, e and f). These nodes are typical of the late
summer months, February and March (Fig. 10). Over the Cape south coast (Region 1), the six
nodes in the upper right corner are responsible for 43% of the annual rainfall (Fig. 11d),
while the frequency of occurrence of these nodes is only 17% (Fig. 7). These nodes represent
the AOH that extends a ridge eastwards at about 40° S (nodes 27, 28, 35), as well as tropical-
temperate troughs (nodes 26, 33, 34). Node 35 is associated with the largest average daily
rainfall over Region 1 (Fig. 11a) and Region 3 (Fig. 11c¢). It also has a significantly higher
than average occurrence, which in combination with the high average daily rainfall totals
lead to this node being associated with 13% and 11% of the annual rainfall over Regions 1
(Fig. 11d) and 3 (Fig. 11f), respectively. It may further be noted that this node is associated
with the second highest frequency of COL days associated with rainfall over the region (Fig.
12). Node 14 (Fig. 7) is also associated with high average daily rainfall totals over Region 1
(Fig. 11a). This node has a maximum frequency of occurrence during winter (Fig. 10), and
represents a high pressure system ridging behind a frontal system that is situated southeast of

the subcontinent.

Nodes 15, 22 and 29 (Fig. 7) are prominent in contributing to the annual rainfall over Regions
2 (Fig. 11e) and 3 (Fig. 11f). Nodes 15 and 22 represent tropical-temperate linkages. Node
29 is characterized by a high pressure system southeast and south of the subcontinent, and of
all the nodes is associated with the highest frequency of COL days (Fig. 12). The association
of node 29 with COLs as well as the location of the surface trough in the extreme west are
probably the reasons for this node being responsible for the highest average daily rainfall
over Region 2 (Fig. 11b). The higher than average occurrence of node 29 is statistically
significant at the 95% confidence level. It contributes 16% of the annual rainfall occurring
over Region 2 (Fig. 11e). The nodes representative of frontal troughs located in the lower and
middle central part of the SOM, are generally associated with small average daily rainfall
totals over all the regions, and consequently with the smallest contribution to the annual

rainfall.
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Fig. 11 The regionally averaged daily precipitation (mm/day) for each SOM node for (a)
Region 1, (b) Region 2 and (c) Region 3, and the average annual contribution (%) by node to
rainfall over (d) Region 1, (¢) Region 2 and (f) Region 3
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Fig. 12 Accumulated frequency of rainfall-producing COLs (units: COL days/grid point) for
each SOM node for the period 1979-2011. Only grid points with a frequency of at least 1 day
are indicated

The 35 synoptic types may be grouped into main synoptic classes that are relevant to the
Cape south coast region. These are troughs southwest and southeast of the subcontinent,
ridging high pressure systems from the southwest, high pressure systems located east of the
subcontinent, tropical-temperate troughs and weak synoptic flow (Fig. 7). The clustering of
the 35 nodes into the 6 main synoptic classes is based on additional evaluation of composite
maps of the 850, 700, 500, 200 hPa geopotential heights as well as the spatial distribution of
rainfall over southern Africa associated with each node. The spatial rainfall distribution over
southern Africa is employed to aid in the identification of nodes representative of tropical-
temperate troughs — characterized by the presence of a cloud band originating from tropical
Africa extending south or southeastwards over South Africa (e.g. Hart et al. 2013). As the

station data used is limited to the study region, the FEWS rainfall estimate was employed to
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represent the spatial rainfall distribution associated with each node over southern Africa (Fig.

9).
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Fig. 13 The percentage contribution to the average annual rainfall of the 6 main synoptic
classes identified in this study for (a) Region 1, (b) Region 2 and (c) Region 3. The
percentage of rainfall contributed by COLs to the average rainfall, in association with the 6
main synoptic classes, is shown in grey
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Of the 6 synoptic classes identified, high pressure systems ridging from the southwest
contribute most to rainfall over Region 1 (Fig. 13a, bar 3). In fact, the various configurations
of these systems are associated with a staggering 46% of the region’s rainfall. The subset of
ridging highs from the southwest occurring in conjunction with COLs contributes 7% to total
annual rainfall. It is likely though, that the remaining cases are often associated with other
forms of upper-air support (e.g. upper air troughs). Still, this result is indicative that the low-
level flow around favorably positioned near-surface highs, and possible interactions with the
mountainous topography adjacent to the coastal area, are factors of key importance in causing
rainfall over the Cape south coast region. Over Regions 2 and 3 (Fig. 13b, c, bar 3), the
contribution of ridging high pressure systems from the southwest to the annual rainfall is
much less — 22 and 30% respectively (6% and 5% in conjunction with COLs respectively).
This result confirms that it is the low-level flow and interaction with topography that causes
this synoptic class to be of key importance to the Cape south coast region itself. Tropical-
temperate troughs contribute to 28, 38 and 37% of the annual rainfall over Regions 1, 2 and 3
respectively (Fig. 13a, b, ¢, bar 5). The overall contribution of COLs to annual rainfall over
the Cape south coast is 16%, much less than the contribution of 39% of ridging highs that
occur in the absence of COLs. Regional variation occurs in the contribution of COLs to
annual rainfall, as shown in Figure 14. At the stations in Region 1, the contribution of COLs
to annual rainfall ranges between 13% and 22%. Favre et al. (2013) have found the
contribution of COLSs to annual rainfall over the Cape south coast to be somewhat higher — in
the order of 20 to 30%. COLs are estimated to contribute about 24% and 17% of the annual
rainfall over Region 2 and 3 respectively, with the percentage contribution ranging between
13% and 25% at the various weather stations. Taking into account that only a small number
(7 on the average) of COLs contribute to rainfall over the Cape south coast per year, the
relatively large portion of rain these systems contribute to the annual rainfall is quite
noteworthy. Not surprisingly, when extreme daily rainfall for each station are considered,
defined here as the 95" percentile of all recorded rain days, the contribution of COLs to
extreme rainfall exceeds that of the contribution of COLs to annual rainfall at all the weather
stations (Fig. 14). The largest differrence in the contribution of COLs to annual and extreme
rainfall occurs along the coast and adjacent interior, with the COL contribution to extreme

rainfall reaching double that of it’s annual rainfall contribution at some stations.
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Fig. 14 Percentage contribution of COLs to annual rainfall (grey) and extreme rainfall (black)
at the weather stations

The statistics for the nodes associated with the highest average daily rainfall, the highest

average contribution to annual rainfall as well as the nodes contributing > 5% each to average

annual rainfall are summarized in Table 1.

Table 1 Synoptic types most important to rainfall over the Cape south coast and adjacent

interior

Synoptic type
rainfall attributes

Region 1

Region 2

Region 3

Highest average
daily rainfall

35 (8.4 mm/day)

29 (1.8 mm/day)

35 (3.1 mm/day)

Highest average 35 (13%) 29 (16%) 35 (11%)
contribution to

annual rainfall

Nodes 35, 28,34, 14,33, |29, 35,15, 34, 22, 35,29, 34, 33, 28,
contributing > 5% | 21 33 15

each to average
annual rainfall
(ranked according
to contribution)
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2.3.4 Synoptic types driving the annual rainfall cycle over the Cape south

coast

The decomposition of the synoptic types responsible for rainfall over the Cape south coast
performed in the previous section shows the relative importance of ridging high pressure
systems, tropical-temperate troughs and COLs over this region. The role that each of these
systems play in the annual rainfall cycle over the region will subsequently be discussed. Of
particular interest is the role of COLs and their association with the observed rainfall peaks
(Fig. 6), since COL occurrences over South Africa reach maximum numbers during March-
May and October (Singleton and Reason 2007b; Favre et al. 2013), corresponding with two
of the three rainfall peaks observed over the Cape south coast region. Moreover, COLs are
associated with significant rainfall events along the Cape south coast region (e.g. Taljaard
1985; Singleton and Reason 2006; Singleton and Reason 2007a, also see Section 3.3). In
order to investigate the relative contribution of COLs to the rainfall cycle over the Cape south

coast, the percentage contribution of COLs to monthly rainfall totals was calculated.

Over the 33-year period analysed, 222 rain-producing COLs occurred that were associated
with rainfall over the study region. The preferred geographical location of these COLs is the
southwestern interior of South Africa and adjacent oceanic area off the west coast (Fig. 12).
This region has been identified by Favre et al. (2013) as being one of the areas of southern
Africa with the highest frequency of COLs. Autumn (March-May) and winter (June-August)
have the highest frequency of occurrence of COLs over the study region, with the highest

frequencies in April, May and June (Fig. 15).
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Fig. 15 Accumulated monthly number of COLs associated with rainfall at 1 station or more,
over the period 1979-2011

Synoptic types associated with the March-April rainfall peak over Region 1 (Fig. 16a)
include troughs, ridging high pressure systems and tropical-temperate troughs, with nodes 21,
28, 33, 34, 35 being the most prominent in contributing rainfall during March, and nodes 7,
14, 21, 26, 28, 33, 34, 35 the most prominent during April (Fig. 17a). Ridging high pressure
systems and tropical-temperate troughs accompanied by COLs contribute to the March
rainfall peak while the April rainfall peak is dependent on the contribution by COLs (Fig.
16a). During March, COLs occur in combination with ridging high pressure systems from the
southwest and tropical temperate troughs (represented by nodes 26, 27, 34 and 35) (Fig. 17a).
The COL-induced rainfall peak during April is characterized by low-level circulation
representative of ridging high pressure systems from the southwest and- southeast as well as
tropical temperate troughs — nodes 21, 22, 29, 34 and 35 are representative of the
aforementioned synoptic types (Fig. 17d). Over Region 2, the March-April peak (Fig. 16b) in
rainfall is associated with troughs from the southwest, ridging high pressure systems and
tropical-temperate troughs. Nodes 9, 15, 22, 29, 34 and 35 are representative of the synoptic
types contributing the most to the rainfall peak during March while nodes 15, 16, 17, 28, 29,

39

© University of Pretoria



33, 34 and 35 are prominent during April (Fig. 17b). The synoptic types associated with
COL-induced rainfall that contribute most prominently to the rainfall peak during March are
representative of nodes 22, 29, 31 and 35 (Fig. 17¢). During April, the rainfall peak receives
the largest contribution by COL-induced rain. Nodes 22, 29 and 35 are representative of the
synoptic types that accompany COLs during April, with node 29 in particular prominent to
contribute to the rainfall peak (Fig. 17¢). Over Region 3, January to March experience the
same rainfall-producing synoptic types (node 8, 9, 15, 16, 22, 29, 33 and 34), with the rainfall
peak occurring in February, driven by tropical-temperate troughs as represented by nodes 15,

22 and 33 (Fig. 17¢).

During August, COLs associated with nodes 29 and 35 (Fig. 17d) as well as ridging high
pressure systems (nodes 7, 14, 21, 28) and tropical-temperate troughs (nodes 26, 34)
contribute to the rainfall peak over Region 1 (Fig. 16a and 17a). Over Regions 2 and 3, the
August rainfall peak is significantly less prominent than the autumn and spring peaks. For
Region 2, nodes 29 and 35 (Fig. 17e) in combination with COLs as well as nodes 17, 22 and
34 (Fig. 17b) contributes to the small-amplitude August peak in the annual rainfall cycle (Fig.
16b). A small amplitude August rainfall peak is also present over Region 3 (Fig. 16¢) and
seems to occur in association with synoptic types 13, 14, 28, 34 and 35 (Fig. 17¢) as well as

with COLs in combination with nodes 29, 30, 31 and 35 (Fig. 17f).

The month of October is characterized by a prominent rainfall peak over the Cape south
coast, and strong rises in the monthly rainfall totals compared to the September totals over all
three regions (Fig. 16). However, Figure 16 also reveals that COL-induced rainfall doesn’t
peak or rise significantly relative to September totals during October. Ridging high pressure
systems from the southwest (nodes 14, 20, 28, 35), tropical-temperate troughs (nodes 33, 34)
and high pressure systems southeast of the subcontinent (node 29) are associated with the
October rainfall peak over Region 1 (Fig. 17a). Of these weather systems, ridging high
pressure systems from the southwest are responsible for the largest contribution to the rainfall
peak. Over Regions 2 and 3 ridging high pressure systems from the southwest, a ridge
southeast of the subcontinent and tropical-temperate troughs (nodes 15, 28, 29, 34, 35 and
nodes 15, 28, 29, 33, 34, 35 respectively) are the main synoptic types contributing to the
October rainfall (Fig. 17b, c). The largest contribution to the October rainfall over Region 2 is
from a ridge southeast of the subcontinent, represented by node 29 (Fig. 17b) while node 35
(ridge from the southwest) is associated with the largest contribution to October rainfall over

Region 3 (Fig. 17¢). The November rainfall peaks over Region 2 (Fig. 16b) and Region 3
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(Fig. 16c) can be ascribed to COLs and their interaction with ridging high pressure systems
southeast of the subcontinent, tropical-temperate troughs as well as high pressure systems
ridging from the southwest. The nodes representative of these circulation patterns are nodes
19, 22, 29, 33, 35 (Fig. 17¢) and nodes 22, 29, 34, 35 (Fig. 17f) for Region 2 and 3
respectively. COLs also contribute to the relatively high rainfall totals over Region 1 in
November (Fig. 16a). November is the month with the highest frequency of tropical-
temperate troughs (Hart et al. 2013), consistent with the accumulated contribution of nodes
22 and 29 (representative of tropical-temperate troughs) that occur in combination with
COLs, to outscore the contribution of high pressure systems southeast and southwest of the

subcontinent that are associated with COL-induced rain.
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Fig. 16 Area-averaged annual rainfall distribution for the period 1979-2011 over (a) Region
1, (b) Region 2 and (c) Region 3. The black solid line represents the monthly rainfall (%), the
black dotted line the monthly rainfall associated with COLs (%) and the grey dotted line the
monthly rainfall without the COL-induced rainfall (%)
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Fig. 17 Percentage contributions of monthly rainfall totals to the average annual rainfall (y-
axis) not associated with COLs for (a) Region 1, (b) Region 2, (c) Region 3 and associated
with COLs for (d) Region 1, (¢) Region 2 and (f) Region 3. The 35 SOM nodes are indicated
on the x-axis

2.4 Conclusions

The Cape south coast of South Africa, here defined as the region between 21 and 27 °E and
south of the Cape Folded mountains (that is, south of about 33.7 °S), is an all-year rainfall
region. Over this region, at least 11 but mostly all 12 months of the year contribute 5% or
more to the long-term average annual rainfall total, in both gridded (CRU TS3.1 and FEWS)
and weather station data analysed over the region. Other features that distinguish the region
from the winter and summer rainfall regions of South Africa is the relatively high ratio of the
rainfall total for the month of minimum rainfall to the total for the month of maximum
rainfall, and the relatively small average fluctuation of monthly rainfall totals around the

monthly mean rainfall total.
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The SOM technique was used to develop a synoptic climatology for the Cape south coast of
South Africa, and the synoptic forcing of rainfall over the region was subsequently analysed.
The synoptic types identified depend to some extent on the specific reanalysis data set used.
Here NCEP reanalysis daily SLP anomaly data were used to train a 7x5 SOM. SLP was
selected as the metric for synoptic typing due to the Cape south coast region being close to
sea-level (different metrics such as 850 hPa heights would lead to the identification of
somewhat different types). A number of well-known synoptic classes, such as ridging highs,
tropical-temperate troughs and weak synoptic flow have been identified by the SOM, as well
as subtle but systematic differences within different synoptic types that make up the main
classes. The importance of the SOM to capture these subtle differences is illustrated by the
nodes’ very different contributions to annual rainfall over the region. This is applicable in
particular to the rain-producing synoptic types, such as ridging high pressure systems from
the southwest and tropical-temperate troughs. For example, the results presented in this paper
indicate that ridging high pressure systems where the ridge is located further southwards are
more conducive to rainfall along the Cape south coast region than ridges located more
equatorwards, even if the pressure distribution is otherwise similar. A similar observation was
made regarding the intensity of the ridging high pressure systems. It has long been known
that the geographical location and the intensity of ridging high pressure systems is a
determining factor for the occurrence of rainfall and the nature of the rainfall over the Cape
south coast region (e.g. Taljaard 1996). However, by application of a SOM, it is possible to
quantify the rainfall associated with the different types within a main synoptic class. For
example, over the 33-year period node 27 (ridging high pressure system from the southwest)
yielded 3.6 mm/day, whereas node 28 (also a ridging high- pressure system from the
southwest) yielded 5.8 mm/day. Similarly, ridging high pressure systems from the southwest
represented by nodes 20 and 21 yielded approximately 1.6 and 3.6 mm/day. Taking the
frequency of occurrence of the synoptic types into account, the contribution by a single type
within a main synoptic class (e.g. ridging highs) becomes important with regard to seasonal

or annual rainfall totals.

Ridging high pressure systems are the synoptic types that contribute most to rainfall totals
over the Cape south coast region. These systems have a frequency of occurrence of 23% (of
the total number of daily occurrences of synoptic types) but contribute 46% of the total
rainfall over the Cape south coast. Over Regions 2 and 3, the contribution of ridging high

pressure systems to rainfall totals is notably less, which suggests that topography plays some
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part in enhancing the rainfall along the coast (Region 1). Tropical-temperate troughs are
responsible for 28% of the rainfall over Region 1, increasing northwards to contribute 38%
and 37% to annual rainfall over Regions 2 and 3. The frequency of occurrence of the various
configurations of tropical-temperate troughs accumulates to 25%. COLs occur in
combination with ridging high pressure systems (ridging from the southwest and southeast)
and tropical-temperate troughs. However, the contribution to rainfall by COLs has been
isolated from these systems for comparison purposes using an objective tracking algorithm.
COLs contribute 16% (7% in co-occurrence with ridging highs), 24% and 17% to the annual
rainfall over Regions 1, 2 and 3 respectively. The contribution to rainfall by COLs is
remarkable, considering that the COL-induced rainfall days over the Cape south coast region
amount only to 4.2%. Transient frontal troughs were found to bring the least rain to Region 1
of the rain-bearing systems, consistent with the observations of the winter months being
associated with a season characterized by lower rainfall totals compared to transitional
seasons. The estimated relative contribution of synoptic types to annual rainfall depends to

some extent on the spatial coverage and distribution of the weather stations recording rainfall.

The autumn and August rainfall peaks observed in the annual rainfall cycle over the Cape
south coast (Region 1) cannot be attributed to a single rain-producing synoptic type. Both
ridging highs, tropical-temperate troughs and COLs have been shown to contribute to these
rainfall peaks, but with COLs driving the rainfall peak during April. COLs are the single
synoptic type driving the subtle August rainfall peak over Region 3. The September hiatus in
rainfall that occurs across the three regions, after the August peak, seems to be related to a
poleward displacement of frontal systems and positioning of high pressure systems (ridging
mainly over land) that are both unfavorable for rainfall. Along the Cape south coast, the
October rainfall peak is the highest rainfall peak observed during the year. This rainfall peak
is the result of ridging high pressure systems and to a lesser extent tropical-temperate troughs,
with an insignificant contribution by COLs. The increase in rainfall during October is also
observed over the interior regions. However, the rainfall peak over Regions 2 and 3 occurs in
November when an increase in COL-induced rainfall is observed over all the regions,
although very slight over Region 1. This November peak over Region 2 and 3 can largely be
attributed to COLs. Noteworthy is the importance of ridging high pressure systems relative to
COLs for the existence of the October rainfall peak along the coast (Region 1).
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Synopsis

The spatial extent of the all-year rainfall region has been reassessed by making use of two
independently constructed gridded rainfall datasets. The delineation of the all-year rainfall
region performed in this study identified the region to be found within the collective
boundaries described in previous studies. Along the coast, the all-year rainfall region is found
approximately between 21°E and 27°E, while its northern extent is mostly restricted by the
Cape Folded mountain range. The interaction of circulation and topography and the resulting
rainfall response is demonstrated by the difference in contribution to rainfall totals by ridging
high pressure systems over the all-year rainfall region compared to the two northwards
neighbouring regions. The seasonal cycle of rainfall along the Cape south coast has also been
reassessed, and revealed a rainfall maximum during August in addition to the already known
rainfall peaks during autumn and spring. This paper’s identification of the August rainfall
peak has also been recently referred to in a paper on CORDEX model simulations,
illustrating the value of the contribution of this study to model verification studies. The
relative contribution of different synoptic types and their sub-types to annual rainfall is
quantified, and the synoptic forcing responsible for the multi-modal rainfall distribution is
identified, addressing objectives 1 and 2 respectively. The relative importance of ridging high
pressure systems, tropical-temperate troughs and COLs have been demonstrated. It has also
been shown that subtle differences within a rain-producing synoptic type can have very
different contributions to annual rainfall totals, illustrating the need to consider sufficient
variation within a specific main synoptic type in the synoptic decomposition of rainfall. The
relative importance of the various rain-producing synoptic types and the variation that can
occur within a rain-producing synoptic type (e.g. ridging highs, tropical-temperate troughs)
underlines the need to understand the variability of these systems over the region and the
associated rainfall variability. This notion as well as its potential link with larger-scale
climate modes will be dealt with in the following chapter which addresses the third and

fourth objectives of the study.
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Chapter 3: Interannual variability of seasonal rainfall over the Cape south

coast of South Africa and synoptic type association

Preface

This chapter consists of one peer-reviewed paper as follows:

Engelbrecht CJ, Landman WA (2015) Interannual variability of seasonal rainfall over the
Cape south coast of South Africa and synoptic type association. Clim Dyn. DOI:
10.1007/s00382-015-2836-2

In this chapter, the link between interannual variability of seasonal rainfall over the Cape
south coast of South Africa and different synoptic types is explored, therefore addressing the
third objective of the study. The main rain-producing synoptic types have been identified in
the previous chapter. In this chapter, the synoptic type frequency distribution associated with
wet and dry seasons are investigated. This paper aims to potentially improve our
understanding of rainfall variability within the context of the frequency distribution of
synoptic types within a season that can allow us to identify distinguishable intraseasonal
characteristics of wet and dry seasons. Furthermore, the potential link between the
distribution of synoptic types within a season with SAM and ENSO is explored, in order to
investigate predictability of intraseasonal synoptic type variability. This part of the work

addresses the fourth objective of the study.

My co-author is WA Landman. I conceptualized the paper, was responsible for data

acquisition, all analysis and also the synthesis of the results.
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Interannual variability of seasonal rainfall over the Cape south coast of South Africa

and synoptic type association
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Abstract

The link between interannual variability of seasonal rainfall over the Cape south coast of
South Africa and different synoptic types as well as selected teleconnections is explored.
Synoptic circulation over the region is classified into different synoptic types by employing a
clustering technique, the self-organizing map (SOM), on daily circulation data for the 33-year
period from 1979 to 2011. Daily rainfall data are used to investigate interannual variability of
seasonal rainfall within the context of the identified synoptic types. The anomalous frequency
of occurrence of the different synoptic types for wet and for dry seasons differs significantly
within the SOM space, except for austral spring. The main rainfall-producing synoptic types
are to a large extent consistent for wet and dry seasons. The main rainfall-producing synoptic
types have a notable larger contribution to seasonal rainfall totals during wet seasons than
during dry seasons, consistent with a higher frequency of occurrence of the main rainfall-
producing synoptic types during wet seasons compared to dry seasons. Dry seasons are
characterized by a smaller contribution to seasonal rainfall totals by all the different synoptic
types, but with the largest negative anomalies associated with low frequencies of the main
rainfall-producing synoptic types. The frequencies of occurrence of specific configurations
of ridging high pressure systems, cut-off lows (COLs) and tropical-temperate troughs
associated with rainfall are positively linked to interannual variability of seasonal rainfall. It

is also shown that the distribution of synoptic types within the SOM space is linked to the
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Southern Annular Mode (SAM) and El Nifio Southern Oscillation (ENSO), implying some

predictability of intraseasonal variability on the seasonal time scale.

Key words: Cape south coast of South Africa, Synoptic types, Interannual rainfall
variability, El Nifio Southern Oscillation, Southern Annular Mode, Intraseasonal

predictability

3.1 Introduction

Three precipitation regimes are notable over South Africa. Most of the country receives
rainfall in austral summer (Barclay et al. 1993; Fauchereau et al. 2009; Crétat et al. 2012;
Pohl et al. 2014), with the extreme southwestern area characterized by austral winter rainfall
(Reason et al. 2002; Philippon et al. 2012; Pohl et al. 2014). The third precipitation regime is
found along the coast in the far south of the country, referred to as the Cape south coast.
Here, pronounced seasonality in rainfall is absent and rainfall occurs throughout the year,
with small peaks during the transitional seasons (Taljaard 1996; Pohl et al. 2014; Weldon and
Reason 2014). Rainfall-producing weather systems characteristic of both the winter and
summer rainfall regions of South Africa occur over the Cape south coast, contributing to the
region’s unique climate. Its unique climate is also linked to local topography and the Agulhas
Current and their interaction with regional circulation (Rouault et al. 2002; Singleton and
Reason 2006). The interaction between regional circulation, topography and the Agulhas
Current is in particularly illustrated during events of southerly meridional flow when
topographically enhanced uplift of moisture that has been advected over the Agulhas Current
occurs. Weather systems responsible for rainfall over this region are cold fronts, west-wind
troughs, cut-off lows (COLs), ridging high pressure systems (Taljaard 1996; Favre et al.
2013; Weldon and Reason 2014) and tropical-temperate troughs (Taljaard 1996; Hart et al.
2013). Of these weather systems, ridging high pressure systems, tropical-temperate troughs
and COLs are the main rainfall-producing weather systems of the Cape south coast. The
mean contribution of ridging high pressure systems, tropical-temperate troughs and COLs to
annual rainfall totals was quantified to be 46%, 28% and 16% respectively by application of a
self-organizing map (SOM) (Engelbrecht et al. 2015). It may be noted that COLs occur in

combination with ridging high pressure systems and tropical-temperate troughs. COLs are
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known to be the main cause of extreme rainfall events along the Cape south coast (Taljaard

1985; Singleton and Reason 2006, 2007a, 2007b).

Seasonal-to-interannual variability is an integral characteristic of the climate over southern
Africa (Mason and Jury 1997; Reason et al. 2002; Reason and Rouault 2005; Washington and
Preston 2006), a region that is also characterized by substantial agricultural practices in the
commercial and subsistence sectors. In comparison with rainfall variability studies
concerning the summer rainfall region (van Heerden et al. 1988; Jury et al. 1992; Mason and
Jury 1997; Cook 2004) where most crops are produced (Malherbe et al. 2014b), and to a
lesser extent the winter rainfall region (Reason et al. 2002; Reason and Rouault 2005;
Philippon et al. 2012), the Cape south coast has been neglected (Weldon and Reason 2014)
with regard to rainfall variability studies. This notion is despite the region being an important
agricultural area (e.g. dairy production, livestock farming and forestry). Noteworthy though is
the smaller variability in rainfall over the Cape south coast compared to rainfall variability
experienced over the winter and summer rainfall regions (Taljaard 1996). However, floods
and droughts occur from time to time over the Cape south coast - usually impacting
significantly on the region, in particular on agriculture. The flood events that occurred in
August 2006 and in November 2007 led to agricultural losses exceeding ZAR 100,000,000
for each of the disasters (Holloway et al. 2012). The same kind of weather system that caused
the 2006 and 2007 floods, namely a COL, brought an end to the severe meteorological
drought of 2008-2009 that occurred over the region and impacted significantly on both rain-
fed and irrigation dependent agriculture (Holloway et al. 2012).

Rainfall variability is the result of changes in the frequency, duration, intensity (Mason and
Jury 1997) and location (Hart et al. 2013) of rain-producing weather systems and these
attributes can in turn be affected by larger-scale climate modes such as the Southern Annular
Mode (SAM) (Reason and Rouault 2005; Malherbe et al. 2014a) and El Nifio Southern
Oscillation (ENSO) (Mason and Jury 1997; Reason et al. 2000; Washington and Preston
2006; Philippon et al. 2012). Over the winter rainfall region of South Africa, interannual
rainfall variability is linked to the geographical location of storm tracks, i.e. cold fronts,
which are in turn linked to the SAM and more recently ascribed in the literature to ENSO as
well. Wet winters are associated with the negative phase of the SAM (Reason and Rouault
2005) as well as with El Nifio (Philippon et al. 2012) that cause storm tracks to be located
further towards the equator, resulting in wet conditions (Reason and Rouault 2005; Philippon

et al. 2012). ENSO is also linked to rainfall variability over the summer rainfall region, in
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particular mid-summer (Landman and Beraki 2012). Here, El Nifio events are usually
associated with below-normal rainfall and the less frequent occurrence of tropical-temperate
troughs (e.g. Tozuka et al. 2014). However, the association between ENSO and the
occurrence of tropical-temperate troughs is non-linear, as wet seasons do not necessarily
experience more tropical-temperate troughs (Hart 2012). Our current understanding of
rainfall variability over the Cape south coast region is based on very few studies (Jury and
Levey 1993; Weldon and Reason 2014). A study that included part of the eastern half of the
Cape south coast and that considered only the months of March and October, suggested
qualitatively that COLs and ridging high pressure systems play a part in interannual rainfall
variability by implication that the occurrence of these systems are disrupted during dry years
(Jury and Levey 1993). In a more recent study, the association between anomalous rainfall
years, ENSO and COLs was investigated (Weldon and Reason 2014). ENSO also seems to
play a part in interannual rainfall variability over the Cape south coast via its association with
the occurrence of COLs. Mature phase La Nifia years are usually wet and accompanied by a
higher frequency of COLs (Weldon and Reason 2014) from late spring to early autumn
(Favre et al. 2013). Here, as with the association between tropical-temperate trough
occurrence and ENSO, the association between COL frequency and ENSO is non-linear. Dry
years are associated with a lower frequency of COLs, but without an ENSO association. The
link between ENSO and rainfall variability over the Cape south coast seems mostly to be
restricted to the association between increased COL frequency during the spring to autumn
months of La Nifia years, as other rainfall attributes such as monthly rainfall totals and
monthly heavy rain event frequencies show unstable and weak correlations with the Nifio 3.4
index (Weldon and Reason 2014). A stronger link is observed between wet-day frequency
and the Nifio 3.4 index (negative correlation) for December and January (Weldon and Reason
2014), the time of year when the impact of ENSO on rainfall over the summer rainfall region

of South Africa is the strongest (Landman and Beraki 2012).

In this study, interannual variability in seasonal rainfall over the Cape south coast is
investigated within the context of the high frequency variability of synoptic types, i.e.
intraseasonal variability. The frequency of occurrence of the different synoptic types is
therefore derived from daily circulation data and subsequently associated with anomalous
rainfall on the seasonal time scales. Of specific interest are the regional features of rain-
producing weather systems associated with rainfall variability. The aim of this study is to

identify the specific configurations of the different synoptic types that are potentially linked
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to the interannual variability of seasonal rainfall, with the potential to apply the gained
knowledge to application forecasts of intraseasonal variability. This aim requires the
investigation of the potential link between the occurrence of COLs and rainfall variability as
well, given the high impact rainfall events that can occur in association with COLs. Also,
with the known ENSO association over the region (Weldon and Reason 2014) as well as the
ENSO and SAM relationships over the winter (Reason and Rouault 2005; Philippon et al.
2012) and summer (van Heerden et al. 1988; Pohl et al. 2010; Malherbe et al. 2014a) rainfall
regions, the potential association of these climate modes with the intraseasonal occurrence of

synoptic regimes is explored.

3.2 Data and methodology

3.2.1 Rainfall data

Daily rainfall data for the 33-year period from 1979 to 2011 from 12 weather stations of the
South African Weather Service (SAWS) over the Cape south coast were considered in this
study (Fig. 1). These 12 stations were chosen based on their availability (defined here as the
presence of data on more than 90% of the days in a specific month) and quality. Extreme and
missing value tests were employed as data quality measures. Values that did not comply with
these tests were replaced by estimated values derived from neighbouring stations. Seasonal
rainfall totals for each station were calculated from this complete daily rainfall dataset. The
seasons considered here are austral summer, autumn, winter and spring, comprising
December to February (DJF), March to May (MAM), June to August (JJA) and September to
November (SON) respectively. The seasonal rainfall totals were spatially averaged and then
ranked in order to identify years of above-normal, near-normal and below-normal seasonal
rainfall. Thirty-two years of seasonal rainfall totals were considered for each of the four
seasons. For each of the seasons the upper-most 10 totals were used to define above-normal
rainfall, the 10 lower-most totals define below-normal rainfall and near-normal rainfall is
defined by the remaining 12 rainfall totals. The rainfall station data were used to quantify the
contribution of COLs to seasonal rainfall totals in order to investigate the role of COLs in

interannual variability of seasonal rainfall.
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Fig. 1 Geographical location of rainfall stations. The circles represent the location of each of
the 12 rainfall stations and the grey shading the topography

3.2.2 Classification of synoptic types and identification of COLs

The focus of this paper is to relate interannual variability in seasonal rainfall to synoptic
types. Synoptic types that represent archetypical atmospheric states were classified by
application of the SOM technique (Kohonen 2001). A 35-node SOM was developed from
daily sea-level pressure (SLP) anomaly fields derived from the daily average SLP fields from
the National Centers for Environmental Prediction (NCEP) reanalysis data (Kalnay et al.
1996) for the region bounded by 45°S-32.5°S and 10°E-40°E. The SLP anomaly fields are
effectively gradient fields that drive circulation (Scheunemann et al. 2009). Over the Cape
south coast, low-level circulation is important to facilitate moisture advection from the
surrounding ocean (Rouault et al. 2002; Singleton and Reason 2006, 2007a) - hence the
choice of the SOM domain. A full description on the development of the SLP anomaly SOM
can be found in Engelbrecht et al. (2015). In this paper, the composite maps of the 850 hPa
geopotential height fields based on the SLP anomaly SOM are employed to represent the
archetypical atmospheric states. The decision to employ the 850 hPa geopotential height
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fields to present the synoptic types in this study is to allow for presenting the synoptic types
over a domain extending further northwards. The 850 hPa pressure level takes the typical
height of 1,500 m of the South African plateau into consideration. The presentation of the
synoptic types over a domain that includes a larger part of the subcontinent can complement
the description of the synoptic types as the circulation over South Africa and surrounding
oceans normally consist of segments of several circulation types. It can be noted that the
synoptic types identified by the SLP anomaly SOM and those represented by the 850 hPa
geopotential height composite maps over the larger domain, are consistent as the 850 hPa

composite maps are derived from the daily entries in each node of the SLP anomaly SOM.

NCEP reanalysis data (Kalnay et al. 1996) are utilized to identify and track COLs over the
period 1979-2011. COLs have a typical length scale of 1,000 km (Singleton and Reason
2007b) and are therefore well resolved by the 2.5° resolution of the NCEP data. A COL is
defined as a cold cored closed-low at 500 hPa that is displaced from the westerly wind regime
(Favre et al. 2012). The daily-average geopotential height and temperature fields at 500 hPa
are utilized for identifying and tracking COLs in the domain bounded by 40°S-20°S and
10°E-40°E. All the COLs that occurred for at least 24-h over this domain are considered in
this study. Firstly, closed-lows are identified by locating geopotential minima in a procedure
where the geopotential at each grid point is compared to the geopotential values of the square
of eight surrounding grid points on the latitude longitude grid. After closed-lows have been
identified in the time series of 500 hPa geopotential fields, tracks are constructed by
identifying the geopotential minima at time step ¢+/ nearest to the geopotential minima at
time step 7. The distance between the closed-lows at time step t and time step #+/ needs to be
<1,000 km in order to secure a sound mean daily speed of the potential COL. The mean daily
speed of a COL in the South African region does not exceed 42 km/h (Favre et al. 2012). Any
geopotential minima can only be used in a single track. From this closed-low track dataset,
tests described in Favre et al. (2012) to ensure that tracks are of extra-tropical origin, are

detached from the westerlies and possess a cold-core are employed.

Rainfall associated with cold-cored systems occurs mainly some hundreds of kilometres to
the northeast, east and southeast of the centres of these systems. From the constructed COL
dataset for the period 1979-2011, all the COLs that occurred west of 32.5°E, following Favre
et al. (2013), were considered to be potentially responsible for rainfall over the region. Such
COLs associated with rainfall over the region, at least at a single station, were defined as

rainfall producing COLs.
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3.2.3 Grouping of similar synoptic types into main circulation types

The synoptic types identified by the SOM consist of various configurations of the main
circulation types. Each of the SOM nodes is classified into one of the main circulation types -
following the grouping performed in Engelbrecht et al. (2015). These groups represent
circulation types representative of troughs southwest of the subcontinent, troughs southeast of
the subcontinent, ridging high pressure systems, ridges east/southeast of the subcontinent,
tropical-temperate troughs and weak synoptic flow. The groups of synoptic types used here
fall within the subdivisions of circulation types (anticyclones, cyclones, ridges, troughs and
zonal flow) identified and described by Taljaard (1995). Troughs southwest or southeast of
the subcontinent fall within the west wind trough circulation type (e.g. Taljaard 1995), with
the distinguishing factor being the position of the westerly trough relative to the subcontinent.
Cold fronts, occurring during winter and summer as well as leader fronts, a winter circulation
type, typically fall within these two groups while ridging high pressure systems and ridges
east/southeast of the subcontinent are variations of ridges as described by Taljaard (1995).
Tropical-temperate troughs, although part of the trough family, are considered separately as
these systems are captured explicitly in the SOM (e.g. Tozuka et al. 2014) and due to its
importance with regard to rainfall contribution over South Africa (Harrison 1984;
Washington and Todd 1999; Hart et al. 2013). COLs are part of the cyclone/low pressure
family (Taljaard 1995) and co-occur with ridging high pressure systems (Katzfey and
Mclnnes 1996; Favre et al. 2012; Engelbrecht et al. 2015) and tropical-temperate troughs
(Hart et al. 2013; Engelbrecht et al. 2015). However, due to the infrequent occurrence of
COLs (Engelbrecht et al. 2015), these systems are difficult to explicitly be captured in the
SOM. COLs are therefore considered with ridging high pressure systems and tropical-
temperate troughs in the analysis presented in this paper, unless where it is indicated that
COLs are considered explicitly as identified by the objective COL identification and tracking
algorithm (see section 2.2). The group of similar synoptic types termed weak synoptic flow is
similar to the zonal flow circulation type identified by Taljaard (1995). However, a difference
may be that the circulation type zonal flow described by Taljaard (1995) can be associated
with weak or tight pressure gradients, whereas the circulation type weak synoptic flow in this
study is defined to be characterized by weak pressure gradients over the Cape south coast

region.

Classification of the synoptic types into groups is feasible by visual inspection of the 850 hPa
geopotential height node composites (typically as would be performed by an experienced
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weather forecaster), but introduces the challenge of objectivity due to the circulation over the
study domain not normally characterized by a single circulation type. Classification of the
synoptic types into groups representative of troughs southwest of the subcontinent, troughs
southeast of the subcontinent, ridging high pressure systems, ridges east/southeast of the
subcontinent, tropical-temperate troughs and weak synoptic flow was therefore achieved by
careful consideration of the SOM node anomaly fields (850 hPa geopotential height
composites) relative to climatology (not shown) and a hierarchical clustering method, Ward’s
minimum variance method (Wilks 2011). Ward’s method was applied to the SOM nodes
based on the SLP anomaly fields to aid in grouping of the synoptic types into the main

circulation types.

3.2.4 Large-scale climate modes

The Oceanic Nifo Index (ONI) is obtained for DJF, MAM, JJA and SON for 1979 to 2011
(32 DJF seasons and 33 MAM, JJA and SON seasons each) from the Climate Prediction
Center (CPC)

(www.cpc.ncep/noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml). The ONI

is a 3-month running mean of ERSST.v3b (Smith et al. 2008) sea-surface temperature (SST)
anomalies in the Nifio 3.4 region (5°N - 5°S, 120°W - 170°W), and has already been used as
an ENSO indicator for southern African variability and predictability studies (Landman et al.
2009; Landman et al. 2012). Monthly SAM (Mo 2000) index values are also obtained from
CPC

(www.cpc.ncep.noaa.gov/products/precip/CWlink/daily ao_index/monthly.aao.index.b79.cur
rent.ascii.table), and are used to derive the SAM index for DJF, MAM, JJA and SON for
1979 to 2011.

An objective of the paper is to further our current understanding (Weldon and Reason 2014)
of the ENSO link and rainfall variability over the Cape south coast. As ENSO and SAM are
related (Gong et al. 2010; Fogt et al. 2011), the teleconnection investigation performed here
included an analysis that aims to address the potential link between SAM and the occurrence
of synoptic regimes.

In order to determine whether the climate modes, ENSO and SAM, are separately correlated

with the occurrence of synoptic regimes for each of the seasons DJF, MAM, JJA and SON, a
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synoptic regime index is derived. This index considers the frequency distribution of synoptic
regimes within the SOM space and was derived for each of the seasons (DJF, MAM, JJA and
SON) from the pattern correlation between the interannual frequency distribution within the
SOM space and a reference frequency distribution. The reference frequency distribution is
represented by the average frequency distribution of the wet years for the particular season.
In this manner, a unique time series is developed for each of the seasons, which are then

utilized in the correlation analysis with ENSO and SAM.

3.3 Results

3.3.1 Seasonal cycle of synoptic types

The 850 hPa geopotential height node-averaged fields are shown in Fig. 2 while the seasonal
cycle of each node expressed as the percentage occurrence is shown in Fig. 3. Nodes with a
strong winter occurrence are observed in the bottom row of the SOM (nodes 1 to 6), while
nodes occurring most frequently in summer are found in the top row (nodes 29 to 35). The
nodes in the top row of the SOM also show a high frequency of occurrence during the
transitional seasons, autumn and spring. However, the highest frequency of occurrence during
autumn is found over the left-central part of the SOM (node 15) representative of a surface
trough over the far western part of the country linking up with a westerly trough to the
southwest of the subcontinent (Fig. 2). During spring, nodes located over the right-central
part of the SOM (in particular node 21), representative of ridging high pressure systems,
exhibit the highest frequency of occurrence. The various configurations of winter frontal
systems are represented by nodes 1 to 6. Frontal systems without a pronounced winter
occurrence, e.g. represented by nodes 8 and 9, are characterized by a weaker pressure
gradient than frontal systems with a strong winter occurrence, e.g. nodes 1 and 2 (Fig. 2). The
frontal systems characterized by stronger pressure gradients are the synoptic types
contributing least to annual rainfall over the Cape south coast (Engelbrecht et al. 2015), while
these systems are the important rain-producing systems over the winter rainfall region
(Lennard and Hegerl 2015). Ridging high pressure systems and tropical-temperate troughs,
found in the top right part of the SOM (nodes 27, 28, 33, 34 and 35), are major contributors
to annual rainfall over the Cape south coast (Engelbrecht et al. 2015). Noteworthy is that

these systems sometimes co-occur with COLs (Engelbrecht et al. 2015). Nodes representative
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of synoptic types that occur throughout the year, but lacks evidence of a preferred season of
occurrence, are found in the central part of the SOM (Fig. 3), and are in general insignificant
with regard to annual rainfall contribution over the region (Engelbrecht et al. 2015). It is
noteworthy that Ward’s method provides results that are consistent with the grouping of
synoptic types into a number of main synoptic types as described above. For example, nodes
28 and 35, indicative of ridging highs are grouped together by Ward’s method. Similarly,

nodes 33 and 34, indicative of tropical-temperate troughs, are grouped together.
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Fig. 2 Node-averaged 850 hPa heights of the 35-node SOM developed from daily SLP
anomaly fields for the period 1979-2011
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Fig. 3 Annual cycle (months indicated on the x-axis) of the percentage occurrence (y-axis)
for the synoptic types identified by the SOM (node number indicated in the top-right of each
panel)

3.3.2 Circulation anomalies during seasons of anomalous rainfall

Figure 4 shows the rainfall totals for 32 DJF (1979/80-2010/11), MAM (1980-2011), JJA
(1980-2011) and SON (1980-2011) seasons. A similar analysis at annual time scales is not
meaningful, because of a given year having the potential to be wet (or dry), for very different
reasons. For example, a year with above-normal rainfall induced by a wet SON will exhibit

different synoptic frequencies than a wet year associated with a wet JJA.
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Fig. 4 The seasonal rainfall (mm) over the Cape south coast for 32 DJF, MAM, JJA and SON
years over the period 1979 to 2011. The long-term mean rainfall for each seasons is indicated
by a black dashed line. Seasons of above-normal, near-normal and below-normal rainfall are
indicated by white, grey and black respectively

Circulation anomalies associated with wet and dry seasons are presented in terms of the
frequency of synoptic archetypes occurring during the relevant wet and dry seasons.
Circulation anomalies associated with the SOM-nodes for seasons of above-normal, near-
normal and below-normal rainfall are calculated relative to the relevant long-term mean for
each of the nodes and are expressed as a percentage change of the actual node value before

the relevant individual seasons are averaged for the wet, normal and dry seasons (Fig. 5).
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(a) DJF: Above—norma

(b) DJF: Near—norma (e) MAM: Near—normal (h) JJA: Near—normal

‘:: i ) JJA: Below—normal
"7 A 7

Fig. 5 Average circulation anomalies for seasons of above-normal (top row), near-normal
(middle row) and below-normal (bottom row) rainfall as represented by the SOM-node
frequency expressed as a percentage change for each of the nodes relative to the relevant
long-term mean frequency of the relevant SOM-node. Positive (negative) anomalies are
indicated by blue shaded (yellow shades)

Rainfall anomalies are presented by using two different anomaly metrics to aid in the
interpretation of rainfall characteristics that occur during wet and dry seasons. Figure 6 shows
the average rainfall anomalies (mm) relative to the climatological value of the actual node for
the relevant wet, normal and dry seasons. Figure 7 shows the rainfall percentage associated
with each SOM-node, averaged for seasons of above-normal, near-normal and below-normal
rainfall. Evident from Fig. 5 is the contrasting frequency relative to the climatological
frequency of synoptic archetypes that occur during seasons of above-normal (Fig. 5a, d, g and
j) and below-normal (Fig. 5c, f, i and 1) rainfall. Table 1 shows the Kendall’s tau rank
correlation between the 35 node frequencies associated with above-normal rainfall and the
corresponding 35 frequencies associated with below-normal rainfall, for each of the four
seasons. The contrasting frequency of occurrence of the synoptic archetypes during wet and

dry DJF seasons is significant at the 95% level of confidence (Kendall’s tau rank correlation)
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while differences in the synoptic archetype frequencies between wet and dry MAM and JJA
seasons are significant at the 90% and 99% level of confidence (Kendall’s tau rank
correlation) respectively (Table 1). The Pearson product-moment correlation coefficients
suggest for this relationship to be linear, in particular for JJA (not shown). Interesting to note
is that such a reserved symmetry in terms of the frequency of synoptic archetypes does not
exist for dry and wet SON seasons (Table 1), although synoptic archetype frequencies differ
significantly between dry and normal SON seasons (not shown). The rainfall anomalies (Fig.
6) mirror the corresponding circulation anomalies (Fig. 5) with regard to the sign of the
anomaly, illustrating the link between the total rainfall and the frequency of synoptic types,
which suggests that the frequency of occurrence of these synoptic archetypes plays a role in
determining whether seasons are dry/wet. The percentage rainfall associated with each node
in the SOM during wet and dry seasons (Fig. 7) reveals further that the nodes associated with
rainfall are very similar during above-normal (Fig. 7a, d, g and j), near-normal (Fig. 7b, e, h
and k) and below-normal (Fig. 7c, f, 1 and 1) rainfall seasons. Circulation anomalies during
seasons of near-normal rainfall are characterized by a mixture of circulation anomalies that

also occur during wet and dry seasons.

Table 1. Kendall’s tau rank correlation between the frequency of synoptic archetypes during
seasons of above-normal versus seasons of below-nogrﬂal rainfall (see Fig. 5), where = 90%
level of confidence, = 95% level of confidence and = 99% level of confidence

DJF MAM JJA SON

026" -0.208 " 0415 -0.0605
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(a) DJF: Above—normal {d) MAM: Above—normal (g) JJA: Above—normal (j} SON: Above—normal

(e) MAM: Near—normal (h) JJA: Near—normal (k) SON: Near—normal

{c) DJF: Below—normal (f) MAM: Below—normal (i) JJA: Below—normal {I) SON: Below—normal

W 7
: U

Fig. 6 Average rainfall anomalies (mm) for seasons of above-normal (top row), near-normal
(middle row) and below-normal (bottom row) rainfall as represented by the rainfall
associated with each of the nodes relative to the relevant long-term mean rainfall of the
relevant SOM-node. Positive (negative) anomalies are indicted in blue (yellow)
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(o) DJF: Above—normal (g) JJA: Above—normal (j} SON: Above—norma

(k) SON: Near—norma

(b) DJF: Near—norma

Fig. 7 Average percentage of rainfall for the SOM-nodes associated with seasons of above-
normal (top row), near-normal (middle row) and below-normal (bottom row) rainfall

Figure 8 shows the node-averaged meridional vertically integrated moisture flux for the
SOM. The main rainfall-producing synoptic types found in the far right part of the SOM (e.g.
nodes 14, 21 and 28) are associated with a vertically integrated northward moisture flux with
the largest moisture flux located to the south of the subcontinent (Fig. 8). Other main rainfall-
producing nodes (e.g. nodes 22, 29, 30, 33, 34 and 35) are characterized by a vertically
integrated southward moisture flux in a northwest-southeast orientated band over the interior
extending over the ocean southeast of the subcontinent in some of these nodes, characteristic
of cloud bands typical of summer (Todd et al. 2004; Hart et al. 2010, 2013; Tozuka et al.
2014).
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Fig. 8 Node-averaged meridional vertically integrated moisture flux (g m™'s™)

Vertical profiles of the meridional moisture flux over the Cape south coast, represented by
the location at 35° S and 25° E, for wet and dry DJF, MAM, JJA and SON seasons, are
shown in Fig. 9. For the purpose of visibility, vertical profiles for selected main rainfall-
producing nodes, representative of these main rainfall-producing synoptic types, are shown.
In general, three different moisture profiles are observed - moisture profiles characterized by
a northward moisture flux (e.g. 28), a southward moisture flux (e.g. node 29) and profiles
with a northward flux in the low-levels and a southward flux in the mid-levels (e.g. nodes 33
and 35). Considerable variation occurs in the latter case. For example, node 35 is
characterized by a prominent northward low-level moisture flux during most seasons (Fig. 9),
as may be expected from low-level ridging along the Cape south coast. Node 35 exhibits a
more pronounced low-level northward moisture flux compared to node 33, being stronger
and notably deeper, extending up to 775 hPa. This relatively strong northward moisture flux,
overlayed by a southward moisture flux, is characteristic of convective overturning (Taljaard

1996), also known as “undercutting” and can act as a trigger for convection. Node 33

70

© University of Pretoria



represents a very different vertical moisture flux profile. Here a prominent southward flux is
always present, especially in the mid-levels (700 hPa), as may be expected to occur in

association with tropical-temperate troughs.

As expected, maximum moisture fluxes associated with each node occur mostly at the
pressure level closest to sea level, 1000 hPa here, with the moisture being advected
northwards. For example, during DJF, MAM and SON node 28 is associated with the
maximum northward moisture flux while node 14, representative of a winter synoptic type
(Fig. 3), is associated with the maximum northward moisture flux during JJA. The exception
is synoptic types representative of node 29, characterized by a southward moisture flux with
the maximum moisture flux occurring at pressure levels closest to the height of the plateau

over the interior, being the strongest during MAM and SON (Fig. 9).

Moisture profiles during wet and dry seasons are quite similar, with wet seasons having a
slightly stronger moisture flux, particularly evident for nodes 14 (JJA), 28 (MAM and SON)
and 35 (SON). However, exceptions are observed for nodes 14 and 33 during DJF when
moisture profiles of dry seasons have larger moisture fluxes than those of wet seasons. Node
14, representative of frontal systems, has a higher frequency of occurrence during dry seasons
— explaining the larger moisture flux as confirmed in specific humidity profiles (data not
shown). The larger moisture flux associated with node 33 during dry DJF seasons is due to
stronger winds (not shown). Austral summer months during years of anomalous low rainfall
over South Africa have been linked to the jet stream located anomalously equatorwards
(Tennant and Reason 2005), implying stronger winds and cold fronts to have more

equatorwards tracks.

Other contrasting circulation anomalies that are characteristic of below-normal and above-
normal rainfall seasons occur over the central part of the SOM. These nodes are
representative of weather systems associated with an equatorward pressure gradient (zonally
orientated high pressure over the subcontinent and surrounding oceans with zonally
orientated low pressure further southwards). An equatorward pressure gradient (e.g. node 18)
is not favourable for moisture advection over the Cape south coast. During above-normal
(below-normal) rainfall seasons, an anomalously low (high) occurrence of weather systems

characterized by this weak synoptic flow occurs.
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Fig. 9 Vertical profile of the meridional moisture flux (g kg’ m s™) at 35° S and 25° E for
wet (grey) and dry (black) DJF, MAM, JJA and SON seasons
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3.3.3 Synoptic type rainfall and interannual variability of seasonal rainfall

Climatological seasonal rainfall totals over the Cape south coast are very similar (Table 2).
Rainfall-producing synoptic types with an occurrence throughout the year includes ridging
high pressure systems from the southwest and COLs while the contribution by tropical-
temperate troughs and frontal systems peak during October to April and May to August
respectively (Engelbrecht et al. 2015). In the case of ridging high pressure systems,
seasonality is observed in the preferred configuration of this synoptic type that contributes to
rainfall. For example, ridging high pressure systems from the southwest represented by nodes
7 and 14 are characteristic of winter, while nodes 20, 27 and 35 exhibit summer peaks in their
occurrence (Fig. 3). An objective of this paper is to identify important synoptic types and/or
configurations within a specific synoptic type that are linked to interannual variability of
seasonal rainfall over the Cape south coast. A direct approach to address this question is to
test whether a significant positive correlation exists between the rainfall associated with the
synoptic types and the total seasonal rainfall. It is firstly tested whether rainfall associated
with nodes representative of a similar synoptic type collectively correlate with seasonal

rainfall totals.

Table 2. Climatological seasonal rainfall totals (mm)

DJF MAM JJA SON

181 189 181 219

During DJF and MAM, rainfall associated with ridging high pressure systems from the
southwest, ridges situated east of the subcontinent and tropical-temperate troughs (Table 3)
exhibit a significant positive rank correlation with the respective seasonal rainfall totals,
suggesting that these synoptic types are linked to interannual variability of DJF and MAM
rainfall. During JJA and SON, rainfall associated with ridging high pressure systems from the
southwest and ridges situated east of the subcontinent exhibit a significant positive rank
correlation with JJA and SON rainfall totals respectively (Table 3). Ridging high pressure
systems from the southwest seem to have the strongest link to interannual variability of

seasonal rainfall - significant at the 99% level of confidence during DJF, MAM, JJA and
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SON, followed by ridges situated east of the subcontinent (Table 3). For the latter, the link to
interannual variability seems stronger during DJF and MAM compared to JJA and SON.
Pearson product-moment correlation coefficients indicate that this relationship is linear (not
shown). Ridging high pressure systems from the southwest show the strongest linear
relationship with interannual variability of seasonal rainfall. It may be noted that the
maximum COL occurrence co-occurs with nodes within the groups representing ridging high
pressure systems from the southwest (Fig. 2, node 35) and ridges situated east of the
subcontinent (Fig. 2, node 29) (Engelbrecht et al. 2015). This is likely to influence the

positive correlation of these groups with seasonal rainfall totals as COLs are associated with

heavy rainfall events (Rouault et al. 2002; Singleton and Reason 2006, 2007a).

Table 3. Kendall’s tau rank correlation between circulation type seasonal rainfall (mm) and
total seasonal rainfall (mm) over the period 1979 to 2011, where = 90% level of confidence,
=95% level of confidence and = 99% level of confidence

Grouped Trough Trough Ridging Ridge east | Tropical Weak
synoptic southwest southeast high temperate synoptic
types / main pressure trough flow
circulation
types
Nodes 1,2,3,8,9,(4, 5, 6, 11,7,13,14,20,|17, 24, 29,15, 16, 22,| 18,19

10 12 21, 27, 28,]30,31 23, 25, 26,

35 32,33, 34

DJF 0.16 -0.19 0.42°" 033" 0.26 -0.006
MAM 0.2 -0.14 0.69"" 0.58"" 0.32" -0.06
JJA 0.16 0.07 0.58"" 0.28"" 0.19 -0.05
SON -0.05 0.09 0.6 0.24" 0.17 -0.09

The various configurations within the grouped synoptic types (represented by the individual

nodes shown in Fig. 2), represent variations of attributes such as geographical and seasonal
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location, intensity and some structural features. In an attempt to highlight or isolate what
specific configuration within a synoptic type is the preferred driver of interannual variability
of secasonal rainfall, the seasonal rainfall associated with the individual nodes was also
correlated with seasonal rainfall totals (Table 4). Noteworthy, is the presence of 2 specific
configurations of ridging high pressure systems from the southwest, those with the most
southward located axis (Fig. 2, nodes 28 and 35), that are correlated with rainfall totals for
DJF, MAM, JJA and SON. Ridging high pressure systems from the southwest representative
of nodes 28 and 35 are suggested to be a driver of interannual variability of SON rainfall in
particular with correlations significant at the 99% level of confidence (Table 4). In the case of
the tropical-temperate troughs, a significant correlation with DJF, MAM and SON rainfall
totals exists. During DJF, rainfall associated with tropical-temperate troughs with the smallest
node-averaged zonal wind component over and to the south of the country (nodes 32) are
correlated to DJF rainfall totals, consistent with the jet stream that is located further poleward
during years of above-normal rainfall over the summer rainfall region and hence weaker
winds (Tennant and Reason 2005). During MAM and SON other configurations of tropical-
temperate troughs are linked to interannual variability of seasonal rainfall, illustrating the

seasonality that can occur within a specific group of synoptic types.

Table 4. Nodes for which the node-associated rainfall is significantly correlated with the
seasonal rainfall totals over the period 1979 to 2011. Node numbers are indicated in bold.
Kendall’s tau rank correlation and the significance level is indicated in brackets where ~ =
90% level of confidence, " =95% level of confidence and =~ = 99% level of confidence

Seasons | Nodes for which the node associated rainfall is significantly correlated with
the seasonal rainfall totals

DJF 27(0.277), 28 (0.23"), 32 (0.3, 35 (0.22")

MAM |2 (-0.3**2;*4 (-0.33***2; 15 (0.25:), 16 (0.32:), 25 (0.24"), 27 (0.28™"), 28 (0.229),
30 (0.457), 33 (0.267), 34 (0.37), 35 (0.327)

JJIA 1(0.257), 2 (0.22%), 4 (-0.267), 13 (0.37), 21 (0.277), 28 (0.44™7), 29 (0.24"), 35
(025"

SON | 8(-0.297), 16 (0.24"), 22 (0.22"), 28 (0.38" "), 33 (0.247), 35 (0.4™")

COLs contribute to 16% of annual rainfall totals, co-occurring with ridging high pressure

systems and tropical-temperate troughs (Engelbrecht et al. 2015). The nature of COLs to
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cause high impact rainfall events that have the ability to produce 24-h rainfall totals that
exceed the relevant climatological monthly rainfall (Singleton and Reason 2006, 2007a;
Muller et al. 2008), warrants the consideration of a linkage between COL-induced rainfall
and interannual variability in seasonal rainfall. Mean seasonal rainfall totals attributed to
COLs are of comparable magnitude for MAM, JJA and SON with mean seasonal total
rainfall during DJF only half or less of any of the other seasons (Table 5). Over South Africa
COLs occur most frequently during MAM (31%), followed by JJA (29%), SON (22%) and
DIJF (18%) (Table 5), similar to COL seasonal frequencies from Singleton and Reason
(2007b) and Favre et al. (2013). The relationship between the frequency of COLs and COL-
induced rainfall is not linear. Although spring (SON) has a lower frequency of COLs than
autumn (MAM) and winter (JJA), it is the season when the highest percentage of COLs is
associated with rainfall over the Cape south coast. Spring, when defined as October-
November-December (OND), is also the season when COL-induced rainfall over South
Africa is on average widespread (Favre et al. 2013). During winter (JJA), the mean seasonal
rainfall attributed to COLs over the Cape south coast is a maximum (38 mm) (Table 5). Favre
et al. (2013) also identified winter (defined as July-August-September (JAS)) to be the season
with the largest contribution to annual COL rainfall. South Africa on average, however,

receives the largest contribution to annual COL rainfall during OND (Favre et al. 2013).

The influence of rainfall associated with COLs on seasonal rainfall totals is shown in Fig. 10.
A weak and non-significant correlation exists for summer (DJF), the season with the lowest
mean frequency of COLs and COL-associated rainfall. Autumn (MAM) and winter (JJA)
have the highest and most significant (99% level of confidence) correlation between COL-
associated seasonal rainfall totals and all seasonal rainfall totals. A weak but significant
correlation exists for spring (SON) which may be attributed to ridging high pressure systems
that contribute largely to October rainfall, the month observed with the highest area-averaged
monthly rainfall totals along the Cape south coast (Engelbrecht et al. 2015). The Pearson
product-moment correlation coefficients indicate that the relationship between COLs and
interannual rainfall variability is linear, in particular for JJA and MAM (not shown). Even
though the frequency of occurrence of COLs is low, as illustrated by the absence of a node
dedicated only to COLs in the SOM, COLs can have a notable impact on seasonal rainfall
totals (e.g. JJA 2006, Fig. 10) — an indication of the intensity of COLs.
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Table 5. Climatological seasonal statistics for COL induced rainfall in mm (second column),
percentage of COL occurrences over South Africa (third column) and percentage of COLs
that produce rainfall over the Cape south coast (fourth column)

Attribute Long-term average | Long-term average | Long-term average

seasonal COL rain | seasonal COL | percentage of COLs

(mm) distribution over | over South Africa

South Africa (%) associated with rain

over the Cape south
coast
DJF 15.3 mm 18% 56%
MAM 33.8 mm 31% 61%
JJA 38.4 mm 29% 63%
SON 30.6 mm 22% 68%
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Fig. 10 Kendall’s tau rank correlation between seasonal rainfall totals and the corresponding

COL-induced totals

The geographical location of COLs during wet and dry seasons exhibits different regions of

preferred occurrence (Fig. 11). The mean COL frequency anomaly for wet DJF seasons is

characterized by COLs most frequently located over the western part of the Northern Cape

and Southwestern Cape. During MAM, JJA and SON wet seasons are in general

characterized by an increase in the frequency of COLs occurring countrywide. Noteworthy

are areas of increased COL activity during wet seasons just off the Cape south coast and over

the interior to the northwest of the Cape south coast, consistent with increased mid-latitude

cyclone system density associated with wet years (Weldon and Reason 2014). During seasons
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of below-normal rainfall, the aforementioned areas are generally characterized by a negative
mean COL frequency anomaly, consistent with a polewards shift of storm tracks (Weldon

and Reason 2014).
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Fig. 11 Geographic location of COLs (COL centre frequency per grid point) for DJF, MAM,
JJA and SON seasons of above-normal (top) and below-normal (bottom) rainfall relative to
the climatological mean of COL centre frequency per grid point.
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3.3.4 Large-scale climate modes

The SAM is significantly (99% level of confidence) linked to the frequency distribution of
nodes within the SOM space for the DJF (Fig. 12a) and MAM (Fig. 12b) seasons, while the
relationship with ENSO is somewhat weaker (95% level of confidence) and valid for DJF
(Fig. 12¢) and SON (Fig. 12d). This implies that for these seasons, given the predictability of
ENSO (Barnston et al. 2011) and to a lesser extent SAM (Fogt et al. 2011; Gong et al. 2010),
at the seasonal time scale, the skillful predictability of intraseasonal variability may be
feasible (at the seasonal time scale). This relationship between the frequency distribution of
nodes within the SOM space with SAM and ENSO respectively is linear according to
Pearson product-moment correlation coefficients (not shown). Interesting to note is that the
nature of the relationships between rainfall variability over the Cape south coast with ENSO
and SAM respectively, are similar to that over the summer rainfall region where the positive
(negative) phase of SAM (ENSO) is positively linked to rainfall. Over the winter rainfall
region of South Africa, the relationships between rainfall with ENSO and SAM are reversed.
Over the Cape south coast wet-day frequency during early winter (June) is positively
(negatively) linked to the positive (negative) phase of ENSO (Weldon and Reason, 2014).
Frontal systems representative of node 3 (Fig. 2) occur anomalously more frequent (the
percentage change relative to climatology is 50%) during El Nifio events in June while they
occur anomalously less frequent (the percentage change relative to climatology is -57%)

during La Nina events in June.
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(a) DJF: Kendall's tau=0.4 p-value=0.0013 (c) DJF: Kendall's tau=-0.32 p-value:0.011
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Fig. 12 Pattern correlation between the interannual frequency distribution of nodes within the
SOM space and that of the average seasonal frequency distribution of nodes within the SOM
space for the relevant wet season versus (a) the corresponding SAM index for DJF, (b) the
corresponding SAM index for MAM, (c) the corresponding ONI for DJF and (d) the
corresponding ONI for SON. The Kendall’s tau values and level of significance are indicated
in the respective title bars

3.4 Discussion and conclusions

The association between interannual variability of seasonal rainfall over the Cape south coast
of South Africa and synoptic types was investigated. The method of SOMs was employed to
relate daily low-level circulation fields obtained from NCEP with daily area-averaged rainfall
for the period 1979 to 2011. The daily circulation statistics obtained from the SOM analysis
were employed to determine seasonal anomaly fields for each SOM node for seasons of
above-normal, near-normal and below-normal rainfall totals. Similarly, rainfall anomalies
relative to the climatological mean as well as the average percentage of rainfall associated
with each node for seasons of above-normal, near-normal and below-normal rainfall were

determined. Analysis of synoptic type frequencies illustrated that, based on the frequency
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anomaly relative to the climatological frequency of the synoptic types, it is possible to
distinguish anomalously wet DJF, MAM and JJA seasons from being anomalously dry.
During SON, a discernable difference in the frequency of synoptic types is absent. During
wet seasons, the main rainfall-producing synoptic types, representative of ridging high
pressure systems and tropical-temperate troughs, occur more frequently. Noteworthy is that
these synoptic types remain the main rain-producing synoptic types during dry seasons, but
with an anomalously low frequency of occurrence. Being able to use synoptic type
frequencies to discriminate between wet and dry seasons has potential implications for
seasonal forecasting over the Cape south coast with regard to the confidence in
discriminating between an above-normal or below-normal rainfall outlook. Skillful
predictions of the differential synoptic type distributions for wet and dry seasons may be a

requirement of skillful intra-seasonal rainfall prediction over the region.

Rainfall-producing westerly waves nearing the subcontinent are weakly linked to interannual
variability of JJA rainfall, even though these systems are not regarded as the main rainfall-
producing synoptic types over the Cape south coast. Indeed, during MAM and SON some
configurations of westerly wave associated rain are negatively correlated with the respective
seasonal rainfall totals. Rainfall associated with the main synoptic types representative of
ridging high pressure systems and tropical-temperate troughs are linked to interannual
variability of seasonal rainfall. A strong link is suggested for high pressure systems ridging
from the southwest during DJF, MAM, JJA and SON while ridges east/southeast of the
subcontinent and tropical-temperate troughs exhibit seasonality in its link to interannual
variability of seasonal rainfall over the Cape south coast. Ridges east/southeast of the
subcontinent exhibit a stronger link during DJF and MAM compared to JJA and SON while a
link between tropical-temperate troughs is indicated to exist only during DJF and MAM.
Specific configurations of ridging high pressure systems that are linked to interannual
variability of seasonal rainfall, exhibit their ridging axis to be located further polewards (in
particular nodes 28 and 35) than those not directly linked to interannual variability of
seasonal rainfall. Both these nodes (28 and 35) are representative of weather systems with
strong upper-air control. Node 35 is associated with the occurrence of COLs, while node 28
is associated with sharp upper-air troughs. The specific tropical-temperate trough
configuration linked to interannual variability of DJF rainfall is suggestive of a slower
moving tropical-temperate trough (node 32) with the zonal wind exhibiting similar

characteristics to those of wet summers over the summer rainfall region of South Africa
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(Tennant and Reason 2005). The zonal wind characteristics associated with node 32 are in
contrast to the mean circulation associated with wet winters over the winter rainfall region
when an anomalously strong jet is found just upstream of the subcontinent (Reason and
Rouault 2005) that has also been linked to El Nifio conditions (Philippon et al. 2012). In
general, this node (node 32) occurs mostly in La Nifia years. The DJF seasons corresponding
with the 10 DJF seasons of the highest occurrence of this node (node 32), display a
preference for La Nifa years as it consists of 5 La Nifia years, 2 El Niflo years and 3 neutral

years.

A strong link is suggested between COL-induced rainfall and rainfall variability over the
Cape south coast for MAM, JJA and SON, with the strongest link found for JJA. Winter is
also the season when the mean contribution by COLs to seasonal rainfall totals is the largest
in the region (Favre et al. 2013; Engelbrecht et al. 2015). Regarding the geographical location
of COLs, there seem to be distinct regions of preferred occurrence during wet and dry
seasons, with anomalously more COLs located over the country during wet seasons, in

particular over the southern and western parts.

Rainfall variability over the Cape south coast seems to be linked, as demonstrated by the
frequency distribution of synoptic types within the SOM space, to the large-scale climate
modes of ENSO and SAM. This link may be attributed to the association between ENSO and
SAM (L’Heureux and Thompson 2006). The frequency distribution of nodes within the SOM
space associated with wet seasons exhibits a statistically significantly positive correlation
with the SAM during DJF and MAM, while this relationship associated with ENSO is
negative (implying a positive relationship between rainfall and La Nifia) and valid for DJF
and SON. This result supports the state described by node 32, the slower moving tropical-
temperate trough discussed above, contributing to rainfall variability and the potential role it
has during La Nifia events. Interesting to note though is that the seasons during which the
ENSO association occurs over the region, coincide with spring to early autumn during which
a positive association exists between COL occurrences and La Nifa events (Favre et al.
2013). With rainfall variability over the Cape south coast linked to the large-scale climate
drivers SAM and ENSO, as well as the occurrence of synoptic regimes during wet and dry
seasons distinct with regard to their frequency and location within the SOM space,
intraseasonal predictability applicable to the region seems feasible and needs to be explored

further.
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Synopsis

A link between interannual rainfall variability of seasonal rainfall over the Cape south coast
of South Africa and associated variations in the frequencies of occurrence of different
synoptic types has now been demonstrated. In addition, it is also shown that the distribution
of synoptic types is linked to the SAM and ENSO. This discovery has been achieved through
the formulation of a new type of climate index, which relates the distribution of synoptic type
frequencies in the SOM space to the large-scale modes of variability. The third and fourth
objectives of the study have therefore been addressed. The results related to objective four
indicate the potential for the interannual variability in the intraseasonal synoptic type
variability over the region to be predictable. In the following chapter, the predictability of the
intraseasonal variability of synoptic types over the Cape south coast of South Africa at the
seasonal time scale is investigated by making use of archived forecasts of the Met Office

Seasonal Forecast System 5 (GloSea5).
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Chapter 4: Seasonal predictability of intraseasonal synoptic type variability
over the Cape south coast of South Africa by making use of the Met Office

Global Seasonal Forecast System 5

Preface

This chapter consists of one research paper that has been submitted for peer-review as

follows:

Engelbrecht CJ, Landman WA, Graham RJ and McLean P. 2015. Seasonal predictability of
intraseasonal synoptic type variability over the Cape south coast of South Africa by making
use of the Met Office Global Seasonal Forecast System 5. Submitted to International Journal

of Climatology.

In this paper, the predictability of intraseasonal characteristics of synoptic type occurrences
on the seasonal time scale over the all-year rainfall region of South Africa is assessed by
utilizing an ensemble of model simulations. The archived GloSea5 forecasts considered here
consist of 12 ensemble members at a lead-time of 1-month and are subsequently analysed
during the austral spring and summer seasons. In the previous chapter it has been shown that
during both SON and DJF a link exists between the Nino 3.4 SST anomalies and the
frequency distribution of synoptic types associated with wet SON and DJF seasons, therefore
implying potential predictability of the intraseasonal variability of synoptic types during these
seasons (given the predictability of ENSO). In this chapter, this hypothesis is tested, thereby
addressing objective 5 of the study.

My co-authors are WA Landman, RJ Graham and P McLean. I conceptualized the paper,

performed the analysis and interpreted the results.
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Abstract

The predictability of intraseasonal characteristics of synoptic type occurrences on the
seasonal time scale over the all-year rainfall region of South Africa (35°S-33°S and 21°E-
27°E) is assessed by utilizing an ensemble of simulations performed by the atmosphere-ocean
coupled model administered by the Met Office, UK. Hindcasts of daily sea-level pressure
fields of 14 austral spring (September-October-November (SON)) and summer (December-
January-February (DJF)) seasons initialized in August and November respectively, are used
in this study. Through the use of self-organizing maps, intraseasonal predictability is assessed
by the objective evaluation of the frequency of synoptic types that occurred over the region as
simulated by the model against a baseline synoptic type occurrence. Deterministic and
probabilistic assessment of synoptic type frequency forecasts indicate that intraseasonal
circulation variability over the Cape south coast region is marginally predictable at

interannual time scales, more so during SON than DJF.

4.1 Introduction

The Cape south coast (Figure 1), geographically located within the domain bounded by 35°S-
33°S and 21°E-27°E (Taljaard, 1996; Mason, 1998; Landman et al., 2001a; Rouault and
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Richard, 2003; Weldon and Reason, 2014), lacks the strong rainfall seasonality (Weldon and
Reason, 2014; Engelbrecht et al., 2015) found over the remainder of South Africa. The
country otherwise receives mostly summer rainfall (e.g. Fauchereau et al., 2009), with winter
rainfall limited to the far southwestern part of the country (e.g. Philippon et al., 2011). The
Cape south coast, known for receiving all-year rainfall, is also host to agricultural activities
(Weldon and Reason, 2014) of importance similar to the winter and summer rainfall regions
of the country. Along the coastal areas of this region, some of South Africa’s prime milk and
deciduous fruit production farms are found. As the larger part of South Africa’s economy is
dependent on agriculture, the need for seasonal forecasts exists as the 1991/1992 drought
over the summer rainfall region illustrated (Mason, 1998). Given that potential predictability
is the highest in a tropical atmosphere (Mason et al., 1996; Mason, 1998), the development of
seasonal forecast systems for the South African region have mostly focused on the
December-January-February (DJF) rainfall season (e.g. Bartman et al., 2003; Landman and
Goddard, 2005) when the regional circulation exhibits tropical attributes (Rautenbach and
Smith, 2001). Also, a well-documented El-Nifio Southern Oscillation (ENSO) signal exists
for the summer rainfall region in southern Africa (Lindesay et al., 1986). El Nifio events are
often associated with below-normal summer rainfall over southern Africa, and may in fact
lead to severe drought (Mason, 1998). La Nifia events, on the other hand, are typically
associated with above-normal summer rainfall, and in some cases with devastating floods.
Furthermore, DJF is an important season regarding agricultural activities over the summer
rainfall region (Bartman et al., 2003). Most of the main maize production areas of South
Africa are found over the summer rainfall region (Moeletsi et al., 2011; Malherbe et al.,
2014). Seasonal forecasts can benefit farming communities (Klopper et al., 2006), as has
been illustrated for the summer rainfall region during DJF (Klopper, 1999). It has indeed
been found that seasonal forecasts of rainfall totals have their highest skill over the
northeastern interior of the summer rainfall region during DJF, in particular during ENSO
seasons (Landman and Beraki, 2012). Landman et al. (2001b) and Landman and Goddard
(2002) have found that the skillful prediction of seasonal rainfall totals over the summer
rainfall region of southern Africa is based on statistical downscaled forecasts, where the best
known predictor is seasonal mean low-level circulation. Since modelled low-level circulation
is such a strong candidate for statistical downscaling on the seasonal time scale, such
circulation should also be a good estimator of potential predictability at the intraseasonal
(frequency of the different types of circulation patterns within the season) time scale,

although in-depth investigation is required to test this notion.
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Figure 1. Geographical location of the Cape south coast (indicated by the solid black
rectangle bounded by the ocean to the south).

It has recently been illustrated that seasons of anomalous rainfall over the southwestern Cape
and the Cape south coast regions of South Africa are correlated with two of the large-scale
climate modes of global variability, namely ENSO and the Southern Annular Mode (SAM)
(Philippon et al., 2011; Engelbrecht and Landman, 2015). It has been demonstrated that
interannual variability of the intraseasonal circulation variability in the Cape south coast
region is correlated with SAM and ENSO (Engelbrecht and Landman, 2015). Due to the
predictability of these large-scale climate modes at seasonal time scales, the potential to
predict intraseasonal circulation regimes relevant to the Cape south coast is implied. It may
be noted that seasons with similar rainfall totals can have very different rainfall
characteristics within the season, particular for regions located in the sub-tropics (Tennant
and Hewitson, 2002). A need exists for the inclusion of within-seasonal characteristics in
seasonal forecasts to inform agricultural decision making (Vogel and O’Brien, 2006). This
need is based on the notion that it is not necessarily the mean seasonal circulation or rainfall
totals that determine the quality of crop yield or to secure pasture, but rather the distribution
of rainfall through the season as related to the frequency of occurrence of certain circulation

regimes.
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The aim of this paper is to investigate predictability of intraseasonal circulation variability
over the Cape south coast region of South Africa. The forecast system applied in the research
is the Met Office Global Seasonal Forecast System 5 (GloSea5). The forecast system,
experimental design of the hindcasts performed and statistical verification methodology are
discussed in Section 2. The forecasts of intraseasonal circulation variability are verified in
Section 3, using both deterministic and probabilistic forecasts. The focus is on the
predictability of the DJF and September-October-November (SON) seasons due to the well
documented ENSO signal that exists over southern Africa for the former season and because
the month of peak rainfall over the Cape south coast is found within the latter season

(Engelbrecht et al., 2015). Conclusions are drawn in Section 4.

4.2 Data and methodology
4.2.1 Reanalysis and forecast data

Hindcasts of the fully coupled model GloSea5 are used in this study. The horizontal
resolution of the atmosphere in GloSea5 is 0.83° longitude x 0.56° latitude and 0.25° in the
global ocean (MacLachlan et al., 2014; Camp et al., 2015). In this study, daily sea-level
pressure (SLP) fields for 14 SON (1996-2009) and DJF (1996/1997-2009/2010) seasons are
used to study synoptic circulation type frequencies. For each of the 14 SON and DJF seasons,
12 ensemble members are available. The hindcasts are initialized from four start dates and
with three ensemble members per start date. A stochastic physics scheme is employed to
achieve spread between members initialized on the same date (MacLachlan et al., 2014). A

full description of GloSea5 can be found in MacLachlan et al. 2014.

National Centers for Environmental Prediction (NCEP) reanalysis data (Kalnay et al., 1996)
is used as observational data from which the baseline synoptic type frequencies are
calculated. NCEP synoptic type frequencies are calculated for the same 14 SON and DJF
seasons for which GloSea5 data are available. NCEP reanalysis data has a horizontal
resolution of 2.5°. Due to the difference in horizontal resolution of the GloSea5 and NCEP
data, the model output was converted to the coarser horizontal resolution of NCEP by
applying a bicubic interpolation function on the model data. The clustering method used in
this study for classification of synoptic types, the self-organizing map (SOM), requires for

both the model and NCEP data to have a common horizontal resolution.
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4.2.2 Identification of synoptic types

Application of the SOM to identify synoptic types is a very popular practice in the
atmospheric sciences in South Africa (e.g. Hewitson and Crane, 2002; Tennant and
Hewitson, 2002; Tennant, 2003; Malherbe et al., 2012, 2013; Van Schalkwyk and Dyson,
2013; Lennard and Hegerl et al., 2014; Dyson, 2015; Engelbrecht et al., 2015). A detailed
discussion on SOMs and the application to synoptic climatology can be found in Hewitson
and Crane (2002) who pioneered the application of SOMs in the climatological research. The
SOM algorithm was first described by Kohonen (1984) and the software, referred to as
SOM PAK, can be downloaded from http://www.cis.hut.fi/research/som-research. SOMs
identify a number of nodes within a data space (Tennant, 2003) without assumptions made
about the distribution of the observed data (Hewitson and Crane, 2002). The nodes are
identified spanning the entire multi-dimensional data space (Tennant, 2003; Lennard and
Hegerl, 2014), making it possible to associate individual data elements with a node (Tennant,
2003). It is this attribute that makes SOMs the ideal clustering method to calculate

frequencies associated with each node during the post-processing phase.

The SOMs are trained on the SLP fields of NCEP reanalysis data for the SON seasons from
1996 to 2009 and for the DJF seasons from 1996/97 to 2009/10. Separate SOMs are
developed for SON and DJF. The size of a SOM is chosen subjectively and the degree of
generalization needed is typically considered in the choice of the number of nodes (Tennant,
2003; Lennard and Hegerl, 2014). Similarly to Tennant (2003), the number of SOM nodes in
this study is chosen to represent the daily circulation during SON and DJF in approximately a
tenth of the original degrees of freedom. SON seasons consist of 91 days/season and DJF
seasons of 90 days/season (91 days/season during leap years), hence the selection of the SOM
size (number of nodes) to be 3x3 for both the SON and DJF SOMs. A 3x3 SOM is also
developed for austral summer in a study by Morioka et al. (2010) where climate variability in
the southern Indian Ocean is investigated. To account for model bias, which can be
problematic when a direct intercomparison is made between observations and model data, the
respective long-term mean is subtracted from all the datasets before subjected to development
of the SOMs, similar to the procedure described in Tennant (2003). Following the procedure
described in Tennant (2003), the daily SLP model forecasts of all 12 ensemble members from
which the long-term mean is subtracted are then subjected to the SOM trained on daily NCEP
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SLP fields in order to determine the frequency of association between the model forecasts
and the SOM nodes. The NCEP synoptic types as identified by the SOM are therefore used to
assess the full set of GloSea5 fields.

Observed COL days identified on 500 hPa in daily geopotential height fields for all the SON
and DJF seasons are mapped to the SOM nodes of the respective seasons. A detailed
description on the development of the COL database used in this study is described in

Engelbrecht et al. (2015).

4.2.3 Verification methodology

Seasonal forecasting is inherently probabilistic (Wilks, 2011), however, deterministic
assessments of the forecast skill may complement probabilistic assessments (e.g. Landman
and Beraki, 2012; Diro, 2015). This study employs a range of deterministic and probabilistic
assessments of skill towards evaluating the GloSea5 system’s ability to forecast the

interannual variability of the intraseasonal attributes of circulation.

As a first step towards assessing the predictability of the intraseasonal frequencies of synoptic
types, the model’s ability to portray the climatological frequencies of synoptic types is
investigated. The ensemble mean of the model forecasts of synoptic type occurrences for
SON and DIJF are deterministically compared to the relevant baseline synoptic type
occurrences and presented as node frequency errors, similar to Tennant (2003). Differences in
node frequency are divided by the observed frequencies to present the errors as percentage
errors. Model weaknesses and strengths with regard to the simulation of the frequency of
synoptic types within a climatological context are shown by the node frequency errors

(Tennant, 2003).

A seasonal forecast system must capture interannual variability (Tennant, 2003; Diro, 2015).
In this study, intraseasonal characteristics of synoptic types as represented by the frequency
distribution within the SOM space are evaluated on an interannual basis over the 14 SON
(1996-2009) and DJF (1996/1997-2009/2010) seasons. For example, the forecast frequency
distribution of synoptic types (based on the ensemble mean) for SON 1996 is compared to the
observed SON 1996 frequency distribution of synoptic types by calculation of the anomaly
correlation. The forecast (observed) frequency distribution of synoptic types can be regarded

as a field forecast (observation) where the nodes within the SOM space represent grid points
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of the field. The anomaly correlation is a special case of a pattern correlation. Similarities in
the patterns of departure are detected and the anomaly correlation is not sensitive to biases
(conditional and unconditional) in the forecasts (Wilks, 2011), making it very suitable for
comparison of the frequency distribution of nodes within the SOM space between model
forecasts and observations. The uncentered anomaly correlation is used in this study:
Anomalies for forecasts and observations are calculated by subtraction of the corresponding
climatological values for each SOM node (e.g. Murphy and Epstein, 1989). The anomaly
correlation ranges between -1 and 1, with 1 being a perfect score (Wilks, 2011). The anomaly
correlation does not measure actual skill, as it is not expressed against a reference forecast.
Even so, a high correlation still implies skill. The anomaly correlation is often used to
evaluate deterministic forecasts against persistence (e.g. Wilks, 2011). However, if
persistence also exhibits high skill, a high anomaly correlation is not of any use. The anomaly
correlation is used here to evaluate the GloSea5 node frequency distribution forecasts to
persistence. For GloSea5 to outperform the persistence node frequency distribution forecasts,
higher anomaly correlation values are needed compared to anomaly correlation values

associated with persistence.

For the purpose of probabilistic forecasts, synoptic type occurrences are evaluated by
introducing three equiprobable categories namely below-normal, near-normal and above-
normal, defined by the 33" and 67™ percentile values of the ensemble mean climatological
record. The ability of the forecast system to discriminate between an event and a non-event
(Hudson et al., 2011), also known as resolution, is addressed by calculation of the relative
operating characteristic (ROC) (Mason and Graham, 2002; Wilks, 2011). A ROC curve is
constructed by plotting the observed hit rates against the false alarm rates (Wilks, 2011),
using a set of increasing probability thresholds. In this study, the thresholds 0, 0.2, 0.4, 0.6,
0.8 and 1 are used. For a forecast that discriminates perfectly between the occurrence of
events and their non-occurrence, the area underneath the ROC curve (referred to as the ROC
score) is 1 while a forecast system with a ROC score < 0.5 is considered unable to
discriminate between events and non-events (Hudson et al., 2011). The diagonal line passing
through (0,0) and (1,1) represents the no-skill line on the ROC curve — here, the hit rates
equal the false alarm rates (Hudson et al., 2011).

In addition to the ROC score we also employ the reliability diagram in our assessments
(Hamill, 1997; Warner, 2011; Wilks, 2011). The reliability diagram and ROC are typically

used together when assessing forecast systems (e.g. Landman and Beraki, 2012; Lazenby et
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al., 2014; Malherbe et al., 2014). The reliability diagram shows the observed relative
frequency for each of the forecast probability thresholds. As with the ROC, probability
thresholds in intervals of 20% are used in this study. For a perfectly reliable forecast, the

forecast probability equals the observed frequency, and is found on the diagonal line through

(0,0) and (1,1) (Warner, 2011).

A new measure of the forecast system’s ability to distinguish between the below-normal,
normal and above-normal occurrence of synoptic type frequencies is introduced next. For
each node and for each season (e.g. SON) occurring during the 14-year period, a forecast
probability is assigned, for its frequency of occurrence to be in a particular tercile category
(e.g. a probability for the frequency of occurrence to be in the above-normal category). This
probability value is paired with the actual outcome (e.g. a value of 1 is assigned if the
frequency of occurrence of the node is in fact above normal, a value of 0 is assigned
otherwise). A straight line is subsequently fitted to all paired numbers obtained in this way
for a specific season (across all nodes and across the period under consideration). A perfect
probabilistic forecast would yield a straight line connecting the points (0,0) and (1,1) in the x-
y plane. A reference forecast based on the climatological probabilities (e.g. always
forecasting 0.333 as the probability of a node to exhibit an above-normal frequency) yields a
line with O slope, implying that forecasts yielding positive slopes have skill over this
reference forecast. A forecast yielding a negative slope is less skillful than this reference
measure, and may be regarded as being unable to skillfully distinguish between the
occurrence and non-occurrence of events in a particular tercile category. Because the forecast
line is fitted to the accumulated number of observed-forecast pairs it may be regarded as a
measure of the average performance of the forecast to predict the frequency of occurrence
across the SOM space. Lines fitted to forecasts based on persistence are also calculated as an
additional reference forecast to measure model performance against. Persistence is defined by

the outcome of the relevant metric precisely one year earlier.

4.3 Results
4.3.1 Assessment of the GloSea5 synoptic type climatology

Nodes within the SOM space are essentially composites of input maps with similar spatial

distributions (Grotjahn et al., 2015). The SOMs have been constructed on SLP anomaly fields
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rather than the full NCEP fields. The corresponding anomaly fields of the model data are
mapped onto these SOMs, thereby effectively eliminating problems that may arise due to
model biases in SLP. Nevertheless, the synoptic type climatologies that are shown for SON
(Figure 2a) and DJF (Figure 2b) are expressed in terms of the composite full SLP fields that
corresponds to the SLP anomaly fields. Similar synoptic types occur during SON and DJF,
but with a notable difference of high pressure systems being stronger and situated slightly
more towards the equator during SON. High pressure systems ridging from the southwest
have been shown to be the main contributor to the October rainfall peak along the Cape south
coast (Engelbrecht et al., 2015) and the realistic simulation of their frequencies is therefore
important. The various configurations of high pressure systems during SON are found over
the central to right-hand side of the SOM (e.g. nodes 2, 3, 5, 6, 8 and 9), illustrating an
inherent characteristic of a SOM to group similar nodes together (Lennard and Hegerl, 2014).
Nodes 3 and 6 are representative of high pressure systems ridging from the southwest onto
the Cape south coast and are the nodes associated with the highest area-averaged rainfall per
node occurrence over the 14 SON seasons (1996 to 2009). The area-averaged rainfall is
derived from the daily rainfall of 12 weather stations over the Cape south coast described in
Engelbrecht et al. (2015). The nodes on the left side of the SOM (nodes 1, 4 and 7) are
characterized by various trough systems. Nodes 1, 4, 7 and 8§ are representative of synoptic
types associated with the smallest amount of area-averaged rain per node occurrence. It can
therefore be suggested that an association between rainfall characteristics and the synoptic
type distribution within the SOM space exists. Moreover, out of a total of 49 cut-off low
(COL) days recorded over the 14-year period during SON, 33 COL days (67%) occurred
within nodes 3, 6 and 9, illustrating a notable clustering in the distribution of COL days
within the SOM space (Figure 3). Since COLs are weather systems that are associated with
high-impact rainfall events over the Cape south coast (e.g. Taljaard, 1996; Singleton and
Reason, 2006, 2007) it is suggested that the nature of rainfall within the season might be
predictable at interannual time scales, provided that the intraseasonal characteristics of the
circulation are predictable. For DJF, nodes 4, 7, 8 and 9 are associated with the highest
amount of rainfall per node occurrence. However, the amount of rainfall per node occurrence
for the nodes associated with the highest rainfall per node is consistently smaller during DJF
compared to SON. For example, the two nodes with the highest amount of rainfall (per node
occurrence) for SON are 5.4 and 4.31 mm versus 2.9 and 2.6 mm for DJF. With regard to the
frequency distribution of COL days within the SOM space during DJF, the highest number of
COL days occurred within nodes 8 and 9 (7 COL days each out of a possible 41 COL days),
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however, the variation of COL days is significantly less across the SOM compared to the case

for SON.

Following the approach of Tennant (2003), Figure 4 shows the mean synoptic type frequency
errors of the GloSea5 climatology (as constructed from the 14 years of hindcasts that were
mapped onto the NCEP SOM) expressed as a percentage of NCEP-observed mean
frequencies for SON and DJF. In the worst case of model performance, the simulated
synoptic types for all days would map to a single observed node. The SOM methodology
implies that each node is constructed from approximately the same number of daily synoptic
fields, that is the climatological frequencies of occurrence of nodes are approximately the
same. During a 90-day season, each node may therefore be expected to be mapped by
approximately 10 synoptic patterns (10 days) (interannual variability will of course cause
some variability). This implies a maximum node percentage error in the order of 800 %. The
strengths and weaknesses of the model with regard to representing the frequencies of
occurrence of specific synoptic types can be determined by considering the frequency errors
(Tennant, 2003). During both SON and DIJF, the frequency errors (%) are generally small,
implying that the 14-year climatological model frequencies of the synoptic types agree very
well with the observed frequencies for the corresponding period. With regard to spatial
variance as well as the meridional and zonal gradient characteristics of the different nodes,
node frequency errors do not seem to correspond strongly to specific characteristics of these
attributes. It may be noted though, that the nodes where the largest errors are found are
mostly nodes with lower spatial variance. For example, during SON and DJF nodes 5 and 4
exhibit this characteristic, respectively. Still, the node frequency errors are relatively small

(taking into account that these errors may be as large as 800 %).
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Figure 2. SLP composites of the 9 nodes identified by the SOM for SON (a) and DJF (b) that
is developed on SLP data from which the long-term mean is removed to account for model
bias.
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Figure 3. Geographical location of COLs in each of the nodes for the 14 SON seasons. The
frequency legend is indicated in the bottom right corner of each panel.
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Figure 4. SOM node frequency errors of the GloSea5 ensemble mean expressed as a
percentage of NCEP frequencies for SON and DJF (top row). Node spatial variance (second
row), meridional gradient (third row) and zonal gradient (bottom row) for SON and DJF.
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4.3.2 Deterministic assessment of forecast skill

Figure 5 shows the anomaly correlation of the GloSea5 node frequency distribution forecasts
for SON (Figure 5a, solid line) and DJF (Figure 5b, solid line) as well as the corresponding
persistence forecasts (dotted lines). The forecasts are obtained from the ensemble average of
the 12 contributing forecast members, and may therefore be regarded as deterministic
(Section 2). The forecast anomalies are calculated relative to the GloSea5 climatological
frequencies constructed for the 14-year period. The anomaly correlations are subsequently
calculated for each SON and DJF season in the 14-year time series, relative to the node
frequencies present in NCEP reanalysis data. The NCEP anomalies are calculated relative to
the 14-year NCEP climatology. Positive anomaly correlation coefficients are indicative of
correspondence between the forecast anomalies and observed anomalies across the SOM,
whilst a negative anomaly correlation yields a mismatch in the distribution of positive and
negative anomalies between the forecast and observations. It is insightful in this respect that 9
(10) of the 14 anomaly correlation coefficients are positive for SON (DJF). Moreover, using
persistence as reference forecast, anomaly correlation values are often negative and generally
smaller than the anomaly correlation values based on the GloSea5 forecasts. More
specifically, during SON (DJF), 11 (7) out of the 14 seasons exhibit skillful deterministic
forecasts of the synoptic type frequency distribution within the SOM space relative to
persistence forecasts. The three SON seasons that had no forecast skill relative to persistence

were all below-normal rainfall seasons (1998, 2006 and 2009).
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Figure 5. Anomaly correlation coefficient for GloSea5 (solid lines) and persistence (dotted
lines) forecasts for (a) SON and (b) DJF.

A direct comparison between NCEP and GloSea5 node frequencies for selected seasons is
shown in Figure 6. The 1996 SON season was an exceptionally wet season while the
1997/1998 and 2009/2010 DJF seasons are chosen based on the presence of relatively strong
El Nifio events during these two seasons. The direct comparison between observed and
forecast node frequencies for the relevant shouldering season is also shown. During SON
1996, the frequency of the nodes typically associated with the largest contribution to rainfall

in the mean, is simulated fairly well (nodes 3, 6 and 9). Even so, the general pattern with
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regard to the simulation of the node frequency during SON 1996 seems to be that synoptic
systems representative of high pressure systems situated east/southeast of the country are
simulated more frequently than observed (e.g. nodes 7, 8 and 9), while high pressure systems
advancing from the west (e.g. nodes 3 and 6) are simulated slightly less frequently than
observed. The largest difference between observed and simulated node frequency occurred at
node 5 — this node is characterized be relatively small spatial variance compared to the other
nodes. The frequency of occurrence of synoptic types of the DJF season that followed
(1996/1997) was simulated very well. During SON 1997, synoptic systems representative of
frontal systems were over simulated at the expense of almost all the other synoptic types.
This characteristic continued in DJF 1997/1998. The 2009 SON season was characterized by
an under simulation of advancing high pressure systems (nodes 3, 6 and 9) while frontal
systems and tropical temperate troughs were over simulated. During DJF 2009/2010 a clear

preference of the over or under simulation of a family of synoptic types is absent.

The direct comparison between observed and forecast node frequencies for the selected
seasons seems to indicate that during seasons associated with normal or above normal rainfall
(SON 1996 and DJF 1996/1997) synoptic type frequencies are simulated better compared to
that of dry seasons (SON 1997, DJF 1997/1998, SON 2009 and DJF 2009/2010). However,
the anomaly correlation (Figure 5) provides evidence of the GloSea5 ensemble-average
forecasts to be superior over persistence and is indicative of deterministic skill in forecasting
the intraseasonal distribution of the frequency of occurrence of synoptic types at interannual
time scales. The next section explores the skill of the forecast system for the case of

probabilistic measures of the intraseasonal distribution of synoptic types.
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4.3.3 Probabilistic assessment of the GloSeaS5 synoptic type forecasts

108

© University of Pretoria



7 shows the ROC curves for below-normal (Figure 7a and c¢) and above-normal (Figure 7b
and d) SON (Figure 7a and b) and DJF (Figure 7c and d) node frequencies. Each ROC curve
was calculated from 126 forecasts, obtained for the 9 nodes across 14 seasons. The ROC
scores for both categories and both seasons are above 0.5, which means that the GloSea5
system has more than a 50% chance to discriminate above (below) normal frequencies of
occurrence of nodes from normal and below (above) normal frequencies. This discrimination
is of similar skill for the below-normal and above-normal categories, and for both the SON

and DJF seasons.
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Figure 7. ROC curves, averaged over the 9 different nodes and 14 years, for (a) SON below-
normal, (b) SON above-normal, (¢c) DJF below-normal and (d) DJF above-normal node
frequency categories.
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Figure 8 shows the reliability diagrams for the below-normal (Figure 8a and c) and above-
normal (Figure 8b and d) categories, and for SON (Figure 8a and b) and DJF (Figure 8c and
d). A perfectly reliable forecast would yield a reliability curve coinciding with the diagonal.
The relative frequencies of each of the forecast thresholds 0.2, 0.4, 0.6, 0.8 and 1 are also
shown in the form of a histogram. For forecasts associated with a probability threshold larger
than 0.4, the reliability curves for both seasons and both categories fall below the diagonal,
implying that the forecasts are overconfident when predicting these relatively high
probabilities. Forecasts between the probability thresholds 0.2 and 0.4 are more reliable. The
forecasts indicating probabilities less than 0.2 are generally underconfident. The frequency
histograms for the lower and upper tercile forecasts for SON indicate a peak in forecast
probability similar to the corresponding climatological probability — indicative thus that the
forecasts lack sharpness. This lack is also true for the lower tercile forecasts for DJF. The
forecasts for the upper tercile for DJF are an exception. Here the forecast probability
frequency peak occurs in a probability bin that does not contain the climatological

probability, indicating a degree of sharpness.
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Figure 8. Reliability plots for (a) SON below-normal, (b) SON above-normal, (c) DJF below-
normal and (d) DJF above-normal node frequency categories.

Figure 9 measures the ability of the forecast system to distinguish between the occurrences of
synoptic type frequencies to be in a specific tercile category. The occurrence or non-
occurrence of each synoptic type is depicted by an X-coordinate of either O or 1, across the
SOM and over the full 14-year period. The associated forecast probabilities for the synoptic
types determine the Y-coordinates of the points plotted. A straight line is subsequently fitted
to all paired numbers obtained in this way. Always forecasting the climatological probability
of 0.333 for a specific category yields a line of zero slope, and this determines a benchmark
measure of skill. In the case of the SON forecasts, positive slopes are obtained for all the

tercile categories, with the steepest slope (highest skill) obtained for the below-normal
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category. Regression lines are also shown for persistence forecasts, these all have negative

slopes indicating that forecasting the synoptic type frequencies using persistence is not

skillful. For DJF, the GloSea5 forecasts are once again skillful for climatology, across all

three categories, with forecasts for the below-normal category the most skillful. The

persistence forecasts in this case show marginal skill over climatology, suggesting some

degree of auto-correlation in DJF synoptic type frequencies from one year to the next.
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Figure 9. Skill of the synoptic type frequency distribution tercile category forecasts for (a)
SON and (b) DJF. Solid lines indicate GloSea5 forecasts and dotted lines reference forecasts.

Note that the 0.2, 0.4, 0.6 and 0.8 ticks on the x-axis are superfluous.
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4.4 Conclusions

Studies of seasonal forecast skill over southern Africa have to date focused on the summer
rainfall region, where a strong association between rainfall and ENSO is known to exist.
Moreover, the majority of these verification studies focused primarily on the prediction of
seasonal total rainfall or seasonal mean temperatures, thus not focusing on the verification of
intraseasonal predictions. However, the recent study of Engelbrecht and Landman (2015) has
revealed a link between the interannual variability of intraseasonal circulation over the Cape
south coast region of South Africa and two large-scale modes of variability: ENSO and SAM.
The predictability that exists for ENSO and SAM at interannual time scales therefore implies
potential skill in the seasonal forecasting of intraseasonal circulation attributes over the Cape
south coast region. This hypothesis was investigated in the paper, using the GloSea5 forecast

system of the UKMO.

A SOM approach was applied to divide the regional circulation patterns occurring over the
Cape south coast region into 9 synoptic types. The climatological frequencies of these
synoptic types as represented by the ensemble mean of the GloSea5 forecasts were found to
compare very satisfactorily with observed synoptic type frequencies. Deterministic
verification of the ensemble mean forecasts of synoptic type frequencies on an interannual
time scale was performed. The deterministic node frequency distribution forecasts fare
somewhat better for SON than DJF, according to the anomaly correlation. The forecast

system exhibits modest but significant skill over persistence.

Next, the skill of probabilistic forecasts of the frequency of occurrence of synoptic types was
explored. ROC scores, calculated across the SOM and across 14 years of data, indicate that
the forecast system is marginally skillful in distinguishing synoptic type frequencies
occurring in the upper/lower tercile categories from the remaining categories. Reliability
diagrams were also constructed, and these indicate a tendency for the forecast system to be
overconfident, specifically for the case of higher probability forecasts. Finally, a new
verification graphic was introduced that aims to determine whether the forecast system can
distinguish between the occurrence and non-occurrence of synoptic types for the tercile
categories across the SOM. It was found that the forecasts have skill over persistence and
climatology in forecasting the intraseasonal variation of synoptic types over the Cape south
coast region. This result might have potential implications for SON forecasts with regard to

the nature of rainfall as the occurrence of COLs during SON seems to cluster to certain nodes
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within the SOM space. Probabilistic forecasts of high-impact rainfall events associated with

COLs might have some potential during SON.

The overall message of the paper therefore is that intraseasonal circulation variability over
the Cape south coast region is marginally predictable at interannual time scales. This result
opens the door for prediction of Cape south coast seasons characterized by high frequencies
of rainfall-producing systems such as COLs and ridging highs, or alternatively, seasons

characterized by a lack of such systems.
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Synopsis

In this final chapter, it has been demonstrated that some predictability of the intraseasonal
variability of synoptic types influencing the all-year rainfall region on the interannual time
scale exists. Between the two seasons tested, higher skill has been found for SON as opposed
to DJF. This result differs from what has been found over the summer rainfall regions of
South Africa that has a DJF skill maximum when mostly tropical influences dominate the
atmospheric circulation. Notwithstanding, the demonstrated predictability of SON synoptic
characteristics offers the potential to make SON predictions for uptake by the users

community. Objective 5 of the study has thereby been addressed.
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Chapter 5: Summary and Conclusions

The study started by performing a daily synoptic decomposition of rainfall over the all-year
rainfall region over the 33-year period from 1979 to 2011. This part of the work entailed the
development of a synoptic type climatology based on daily sea-level pressure circulation
prior to relating rainfall on a daily time scale to each of the identified synoptic types. This
approach of utilizing each day in the 33-year time series made it possible to quantify the
contribution of the different identified synoptic types to mean annual rainfall over the region.
Previous studies addressed the contribution of COLs and tropical-temperate troughs to
rainfall over the country at weather station scale and therefore over the all-year rainfall
region, while the contribution by other synoptic types to rainfall over the all-year rainfall
region have not been quantified prior to this study (e.g. ridging high pressure systems from
the southwest, frontal systems, ridging high pressure systems from the east/southeast). New
insights have been gained regarding the important rain-producing synoptic types of the all-
year rainfall region in South Africa. The general perception of the COL being a major rainfall
producing system over the Cape south coast has been objectively quantified. A surprising
result however, is the importance of ridging high pressure systems and associated low-level
flow as the main rainfall producing system over the region. This result is of key importance
to dynamic seasonal forecasting and climate simulation over the Cape south coast. The well-
known bi-modal rainfall distribution with peaks during autumn and spring has been
reassessed and an additional rainfall peak during August has been identified, implying that
this region seems to instead have a multi-modal rainfall distribution. Since the publication of
the paper (Chapter 2) in which the multi-modal rainfall distribution has been described, the
result has been referred to in a paper on CORDEX simulations, thereby demonstrating the
value of the research to model verification. The synoptic forcing responsible for the
uniqueness of the seasonal rainfall cycle over the all-year rainfall region has also been

quantified.

From this foundation the study proceeded to explore the interannual variability of the
synoptic types that bring rainfall to the Cape south coast region. It has been found that
synoptic types that contribute to significant portions of rain during a specific season (i.e.,
summer, autumn, winter, spring) occur more frequently during wet seasons than during dry
seasons. Using this insight, a new type of atmospheric circulation index was formulated. This

formulation is based on the pattern correlation between the average synoptic type frequencies
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associated with wet seasons and the frequencies associated with a particular season.
Correlating this value with the main modes of southern hemisphere variability, namely ENSO
and SAM, revealed that the new index for spring and summer is negatively correlated to
Nino 3.4 SST anomalies, whilst the summer and autumn index values are positively
correlated with SAM. Since there is evidence that ENSO and SAM are predictable at
seasonal time scales, these findings indicate the potential for skilful prediction of the
intraseasonal variability of synoptic types over the Cape south coast region at the seasonal
time scale. This result is important towards obtaining reliable early warnings of seasons with

anomalously high frequencies of high-impact weather events occurring over the region.

The study concluded with an investigation of the predictability of the intraseasonal variability
of synoptic type frequencies at the seasonal time scale over the Cape south coast. The
GloSea5 system consisting of 12 ensemble members was applied for this purpose at a 1-
month lead time, with a focus on the spring and summer seasons. Deterministic measures of
skill of the ensemble average forecast of synoptic type frequencies reveal that the forecasts
are skilful over persistence, particularly for spring. Moreover, the forecast frequencies are
positively correlated to the observed frequencies over time, with the correlations being
statistically significant for more than half of the period considered. Probabilistic estimates of
the forecast skill reveal that the system can skilfully predict the occurrence of below-normal
and above-normal node frequencies, for both the spring and summer seasons. The system has
skill over persistence and climatological anomalies in identifying below-normal, normal and
above-normal node frequencies across the SOM space. Although all the measures of skill
indicate skill levels somewhat lower than those recorded for the prediction of summer rainfall
totals over South Africa’s summer rainfall region with its strong ENSO signal, the results still
indicate that the forecast system is capable of producing skilful forecasts of intraseasonal
variability in circulation. This finding is a newly established result that deserves further
investigation for the larger southern African region, towards providing a variety of users with
information of the intraseasonal occurrence of high impact weather events at the seasonal

time scale.

Major results of this study are summarized as follows:

* Regarding the synoptic decomposition of rainfall over the all-year rainfall region:
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o High pressure systems ridging from the southwest contribute to 46% of the
annual rainfall while these systems have a frequency of occurrence of 23%

o The subset of ridging high pressure systems from the southwest occurring in
conjunction with COLs contribute to 7% of the annual rainfall

o Tropical-temperate troughs contribute to 28% of the annual rainfall

o The contribution of ridging high pressure systems from the southwest to
rainfall increases from south to north, while the contribution of tropical-
temperate troughs decreases from south to north. Here “south” is considered to
be the all-year rainfall region and “north” the northward neighbouring regions

o COLs (with and without ridging high pressure systems from the southwest)
contribute to 16% of the annual rainfall

o Regional variation occurs in the contribution of COLs to annual rainfall,
ranging between 13% and 22% at the weather stations used in this study

o The relative contribution to rainfall by COLs is remarkable, considering that
COL-induced rainfall days over this region occurs only on 4.2% of the time

o The contribution of COLs to extreme rainfall over the region is noteworthy,
with the largest contribution to extreme rainfall found at the weather stations
on or adjacent to the coast

o Quantification of rainfall associated with the subtle but systematic differences
within a synoptic type now formally confirms the relative importance of the
location of the system regarding its rainfall contribution, e.g. ridging high
pressure systems where the ridge is located further southwards are more
conducive to rainfall along the Cape south coast region than ridges located
more equatorwards, even if the pressure distribution is otherwise similar.

o Seasonality is observed in the preferred configuration (e.g. node 14 and 28 that
is more a winter and summer rain-bearing ridging high respectively) of ridging

high pressure systems from the southwest that contributes to rainfall.

* Regarding the seasonal rainfall cycle over the all-year rainfall region:
o Rainfall-producing synoptic types with an occurrence throughout the year
includes ridging high pressure systems from the southwest and COLs, while
the contribution by tropical-temperate troughs and frontal systems peak during

October to April and May to August, respectively.
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O

A multi-modal rather than a bi-modal rainfall distribution has been identified.
The first peak occurs in autumn and is attributable to a combination of ridging
high pressure systems, tropical-temperate troughs and COLs during March
while COLs drive the April peak (co-occurring with ridging highs and
tropical-temperate troughs); ridging high pressure systems from the southwest,
troughs and COLs are responsible for the second peak in August; a third peak
occurs in spring (October) and is largely the result of ridging high pressure

systems from the southwest.

* Regarding interannual rainfall and synoptic type variability over the all-year rainfall

region:

O

The anomalous frequency of occurrence of the different synoptic types for wet
and for dry DJF, MAM and JJA seasons differ significantly within the SOM
space, with the strongest and most significant differences during JJA, followed
by DJF and MAM. During SON, the anomalous frequency of occurrence of
the different synoptic types for wet and dry seasons is small and not
statistically significant.

The main rain-producing synoptic types have a notably larger contribution to
seasonal rainfall totals during wet seasons than during dry seasons. This result
is consistent with a higher frequency of occurrence of the main rainfall-
producing synoptic types during wet seasons compared to dry seasons.

The main rainfall-producing synoptic types are to a large extent consistent for
wet and dry seasons.

Dry seasons are characterized by a smaller contribution to seasonal rainfall
totals by all the different synoptic types, but with the largest negative rainfall
anomalies associated with low frequencies of the main rain-producing
synoptic types. Weather systems that disrupt the normal rainfall patterns seem
to occur more frequently during dry seasons compared to normal and wet
seasons.

The frequencies of occurrence of specific configurations of ridging high
pressure systems, COLs and tropical-temperate troughs associated with
rainfall are positively linked to interannual variability of seasonal rainfall.
Moisture profiles during wet and dry seasons are quite similar, but with wet
seasons having a slightly stronger moisture flux.
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Ridging high pressure systems from the southwest seems to have the strongest
link to interannual variability of all season rainfall. It is in particular rainfall
from configurations of these systems where the ridging is taking place from
far south that are linked to rainfall variability for all four seasons.
Tropical-temperate troughs are also important systems regarding rainfall
variability. During DJF, rainfall associated with tropical-temperate troughs
with the smallest node-averaged zonal wind component over and to the south
of the country are linked to interannual rainfall variability, exhibiting
characteristics similar to that of atmospheric circulation associated with wet
conditions over the summer rainfall region.

Frontal-trough rainfall are weakly linked to interannual rainfall variability
during JJA.

A strong link has been demonstrated between COL-induced rainfall and
rainfall variability for MAM, JJA and SON, with the strongest link found for
JJA.

Rainfall variability also seems to be linked to ENSO and SAM.

* Regarding the predictability of the intraseasonal variability of synoptic types over the

all-year rainfall region at the seasonal time scale by making use of the GloSea5

forecast system of the UKMO:

O

Climatological frequencies of synoptic types as represented by the ensemble
mean of the GloSea5 forecasts compared well with observed synoptic type
frequencies.

The forecast system exhibits modest but clear skill over persistence for
deterministic synoptic type frequency distribution forecasts of the ensemble
mean.

For probabilistic forecasts of the above-normal or below-normal occurrence of
synoptic type frequencies, the forecast system has marginal skill in
discriminating between the occurrence of the synoptic type frequencies to be
in the upper/lower tercile categories from the remaining categories.

The forecast system tends to be overconfident, specifically for the case of
higher probability forecasts while lower probability forecasts are generally
underconfident.

The lower tercile and upper tercile SON forecasts lack sharpness
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o The lower tercile DJF forecasts lack sharpness, while some sharpness is
indicated for the upper tercile DJF forecasts.

o Overall, it was found by both deterministic and probabilistic measures, that
intraseasonal circulation variability is predictable at interannual time scales,

more so during SON than during DJF, and that the skill is mostly modest.

This thesis has presented an in-depth study of the variability and predictability of a largely
unexplored region over the Cape south coast. The analysis technique discovered
characteristics of the region not previously documented and proved that some of these
characteristics can be predicted in an operational forecast environment. Similar analysis and
prediction studies can be applied over areas such as the summer rainfall region in order to
obtain an improved and updated understanding of the climate dynamics at play over the
subcontinent. The thesis has thusly not only contributed to an improved understanding of
South coast climate, but has laid a foundation for future research that will help to enhance our

current understanding of the Earth system we operate in.

Recommendation for future research:

Future research that includes the role of local SSTs in moisture flux attributes during dry and
wet seasons along the Cape south coast is recommended. It has been shown in this study that
dry and wet seasons are characterized by moisture flux profiles that do not differ
significantly, suggesting that synoptic weather types dominate the rainfall variability.
Identification of the dominant rainfall variability driver (SSTs versus synoptic weather types)
is recommended for future research to contribute to our understanding of the Cape south

coast climate.
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