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Abstract

Rainfall over southern Africa experiences substantial temporal and spatial vari-
ability which heavily impacts poor rural populations in the region that rely on
rainfed agriculture for their livelihoods. Instead of totals, seasonal rainfall is
better characterised by wet and dry events occurring within rainy seasons
as knowledge of the frequency of such events is able to inform agricultural
activity. Dry spells (pentads having <5 mm) and moderate wet days (10-30
mm) over southern Africa were assessed using high resolution (0.05°) Climate
Hazards group Infrared Precipitation with Stations (CHIRPS) datasets over the
period 1981/82-2018/19 during October-November (ON), December-February
(DJF) and March-April (MA) using climatology, intensity-frequency and trend
analysis. Correlations with SST over the tropical southeast Atlantic and cli-
mate modes namely, El Nino Southern Oscillation (ENSO), the Subtropical
Indian Ocean Dipole (SIOD) and Southern Annular Mode (SAM) were com-
puted. These, together with regressed atmospheric and SST fields were used
to identify possible mechanisms for changes in dry spell and moderate wet day
frequencies during austral summer.

Two strong gradients in dry spell frequency were found to be present during
DJF, one diagonal along the western margins of the Kalahari desert and the
other meridional, lying across 20-24°S. Topographic influences on rainfall were
observed near the Drakensberg and Chimanimani mountains, Mulanje massif
and Madagascan highlands where dry spell frequency (DSF) (moderate wet
day frequency (MWDF)) tended to be relatively lower (higher). A region which
frequently experienced half of the season as dry was identified lying across 22-
24°S (18-25°S) during DJF (MA), with a core in the central Limpopo River Val-
ley where 85-100% (100%) of the seasons were dry for half the season. DSF
and MWDF trends indicated that drying has occurred over central South Africa
during ON whereas decreasing DSF and increasing MWDF trends pointed to a
weakening diagonal and meridional gradient during DJF. Additionally, increas-
ing MWDF trends over important agricultural areas have occurred during DJF.
Trends over central South Africa, part of the diagonal gradient, were associated
with changes in ENSO, SAM, the Botswana High and SST in the SE Atlantic
whereas those in the western Botswana region, part of the meridional gradi-
ent, were associated with those in the SIOD, Mozambique Channel Trough
and Mascarene High and SST in the eastern and western Pacific.



1 Introduction

Southern African rainfall is characterised by temporal variability on scales rang-
ing from intraseasonal to decadal and longer (Tyson et al., 2002; Reason and
Rouault, 2002; Chikoore and Jury, 2010), as well as variation in spatial dis-
tribution (Taljaard, 1986). This variability is driven by an array of climatic pro-
cesses interacting at different temporal and spatial scales, making the region
prone to extreme rainfall events that lead to drought and flooding (Fauchereau
et al., 2003). It is a great matter of concern that widespread changes in the
mean state, seasonality and variability of rainfall are expected to occur in the
future (IPCC, 2013). Southern Africa, for example, hosts large arid and semi
arid ecosystems which are more sensitive to shifts in rainfall patterns (Weltzin
et al., 2003; Huang et al., 2016). Changes in rainfall patterns also have impacts
on human lives, especially where food production systems are concerned.

Food security is a function of complex variables whose nature ranges from
physical to economic and is considered to be a global developmental priority
(Conceicao et al., 2016). One major determinant of achieving food security is
food availability, which is influenced to a great degree by agricultural produc-
tion. Southern Africa has a large food insecure population for the following
reasons. High poverty and population growth rates predispose the majority of
its inhabitants to food insecurity (Lipper et al., 2014; Conceicao et al., 2016).
Additionally, most food production in the region is dependent on rainfed agricul-
ture, thus extreme rainfall events and projected shifts in their frequency pose
a major threat to food production (Ziervogel et al., 2006).

Hydrometeorological extremes such as droughts and floods are known to be
disruptive to food production systems (Steenwerth et al., 2014). The higher
their frequency and intensity, the more difficult it is for agricultural systems to
recover or build resilience (Thornton et al., 2014). Southern Africa has expe-
rienced a number of extreme events in the recent past which have adversely
affected food production. The 2015/2016 drought led to a food security crisis in
Madagascar, Malawi, Mozambique and Zimbabwe due to a decrease in food
production (ReliefWeb, 2015). Ongoing persistent dry conditions (2018-2020)
have resulted in high levels of food insecurity across many southern African
countries (ReliefWeb, 2018). Flooding has also contributed to widespread crop
damage. In 2017, above average seasonal rainfall deluged many parts of the
region (ReliefWeb, 2017).



Climate-smart agriculture (CSA) is an approach to agriculture that comprises
multiple strategies to transform agriculture towards sustainability and attain-
ing food security in the face of climate change (Steenwerth et al., 2014; Lipper
et al., 2014; Sullivan et al., 2012). It requires the engagement of multiple stake-
holders, including researchers, farmers and policymakers to achieve its ends.
Filling in of knowledge gaps is fundamental to the formulation of science-based
policies. One identified need in research is the further spatio-temporal study
of climate trends since this will help stakeholders understand the potential im-
pacts of changes in climate means and extremes on food security (Steenwerth
et al., 2014; Ziervogel et al., 2006).

Precipitation is one of the more crucial variables to measure with respect to
agricultural systems (Ziervogel et al., 2006). Many studies have undertaken
the analysis of rainfall using seasonal totals. While this is important as a first
step to determining links between rainfall and various climatic processes, as
well as trying to predict seasonal rainfall totals (Mutai and Ward, 2000), rainy
seasons tend to be made up of a combination of wet and dry spells occurring
after and before defined onset and cessation dates that directly influence hu-
man activities. Therefore, rainfall characteristics provide more useful informa-
tion about rainfall to user groups and stakeholders such as farmers and water
resource managers than seasonal totals do. It is changes in rainfall character-
istics that have been associated with breakdowns in agricultural productivity.
For example, increased dry spell duration has been associated with drought
and a decrease in growing period duration (Tadross et al., 2005, 2009). Fur-
thermore, while the amount of rainfall may remain relatively the same over
time, changes occurring in the distribution of wet and dry events within the
season may have severe implications for agriculture (Pohl et al., 2017).

With all this in mind, this work aims to analyse rainfall characteristics, namely
dry spell and wet day frequency over southern Africa during austral summer.
In doing so, it will identify patterns in their spatial distribution and regions more
susceptible to their high occurrence. Additionally, in performing trend analysis
of dry spell and wet day characteristics, it will identify regions of significant
change and potential mechanisms of change.



2 Literature review

2.1 Overview of southern African rainfall

The subcontinent of southern Africa can be defined as Africa south of the
equator although some authors take it to mean the region south of 10°S or
even 15°S (Lyon and Mason, 2007). Southern Africa’s topography comprises
of a plateau in the interior separated from a thin coastal plain strip by nar-
row mountain ranges in the south (Moore et al., 2009; Reason, 2017). Sur-
rounded by the South Atlantic to the west and the South Indian Ocean to the
east, southern Africa’s unique geographic location makes it subject to a mix
of tropical, subtropical and midlatitude climatic influences (Tyson and Preston-
Whyte, 2000). With the exception of most of Tanzania (bimodal regime), the
southwestern part of South Africa (austral winter) and the south coast of South
Africa (all year), the greater part of southern Africa receives most of its rainfall
during austral summer (Taljaard, 1986; Nicholson, 2000). Depending on the
topic studied, the summer rainy season can be defined as September to April
(Taljaard, 1986), December to April (Fauchereau et al., 2003) or October to
March (Lyon and Mason, 2007). According to Lyon and Mason (2007), be-
tween 40% to more than 80% of summer rainfall in southern Africa is received
over the period December-March. Most sub-regions in southern Africa have a
rainfall maximum in January (Nicholson, 2000).

2.2 Seasonal rainfall

Cloud bands extending across southern Africa are predominantly responsible
for producing rainfall over the region during austral summer (Harrison, 1984;
Usman and Reason, 2004; Reason et al., 2005; Hart et al., 2013; Ratna et al.,
2013). Referred to as Tropical Temperate Troughs (TTTs), the northwest-
southeast oriented cloudbands involve tropical-extratropical interactions occur-
ring over southern Africa and neighbouring oceans (Hart et al., 2010; Macron
et al.,, 2014). These interactions involve the transport of heat and moisture
away from the tropics to the midlatitudes (Hart et al., 2010). On average, TTTs
contribute significantly to summer rainfall in subtropical southern Africa and
exhibit substantial intraseasonal and interannual variability (Hart et al., 2010,
2018; Macron et al., 2014). The aggregate of the synoptic scale TTT events
over the summer essentially forms the South Indian Convergence Zone (SICZ)



(Hart et al., 2010, 2018; Macron et al., 2014; Dedekind et al., 2016) which in
contrast its counterparts, the South Pacific and South Atlantic Convergence
Zones, is less coherent or anchored to a particular location. The develop-
ment of TTTs requires the presence of a easterly disturbance in the lower
troposphere of the tropics and a westerly wave with an associated front pass-
ing south of South Africa. The movement of the upper-tropospheric westerly
trough over southern Africa triggers cloud band formation. (Hart et al., 2010;
Macron et al., 2014).

The SICZ is a northwest-southeast slanted region extending from the south-
east coast of southern Africa to the southwest Indian Ocean and may be iden-
tified in seasonal averages of convective clouds and precipitation (Cook, 2000;
Nicholson, 2000; Fauchereau et al., 2009). It is present over parts of southern
Africa during austral summer but is variable in its distinctness from year to year
(Cook, 2000; Fauchereau et al., 2009; Hart et al., 2010). According to Cook
(2000), the SICZ is distinct from the Intertropical Convergence Zone (ITCZ).
The former contributes to southern African rainfall as it is linked to the develop-
ment of TTT and cloud bands over southern Africa. (Fauchereau et al., 2009;
Dedekind et al., 2016).

One of the seasonal circulation systems contributing to austral summer rainfall
is the ITCZ, a narrow region near the equator which forms the meeting point
of the northeast and southeast trade winds (Grodsky and Carton, 2003; Yan,
2005; Schneider et al., 2014). The convergence of winds forces moist air up-
ward which leads to the formation of cumulus clouds and the occurrence of
precipitation. Over West Africa, the ITCZ is the region where the northeast-
erly Harmattan winds and the southwesterly monsoon meet (Nicholson, 2018).
Over eastern Africa, it is characterised by pronounced seasonal migration to
the north and south of the equator along with the development of the South
West and North East monsoons during austral winter and summer, respec-
tively (Taljaard, 1986). Over the Atlantic seaboard of Africa, the ITCZ tends to
remain north of the equator throughout the year (Reason et al., 2006). Dur-
ing austral winter, the average position of the ITCZ lies between 18°and 20°N
whereas in austral summer, the ITCZ migrates southward across Tanzania into
northern Madagascar, northern Mozambique, southern Malawi and southern
Zambia, bringing rainfall into southern Africa (Goddard and Graham, 1999;
Nicholson, 2000). The ITCZ is well known to influence global tropical climate
(Yan, 2005). Convection associated with this convergence zone contributes to
barotropic and baroclinic instability which, according to Ferreira and Schubert



(1997), may cause the ITCZ to break down into tropical disturbances and re-
sult in tropical cyclogenesis over the tropical South Indian Ocean. Convective
circulation associated with the ITCZ is also known to produce tropical thunder-
storms and significant precipitation over southern Africa (Collier and Hughes,
2011).

Although the ITCZ has been described as a region of maximum precipita-
tion (Schneider et al., 2014), Nicholson (2018) notes that the location of the
ITCZ does not necessarily coincide with that of maximum precipitation. For
example, in West Africa, the zone of maximum rainfall and that of wind conver-
gence are decoupled (Nicholson, 2018). The ITCZ and the rainfall maximum
are almost co-located over southern Africa during austral summer (Janowiak,
1988). Thus, the ITCZ contributes significantly to seasonal rainfall over the
region (Dedekind et al., 2016).

2.3 Interannual variability

The interannual variability of rainfall over southern Africa is modulated by large-
scale climate anomalies such as the Subtropical Indian Ocean Dipole (SIOD)
(Reason, 2001), South Atlantic Subtropical Dipole (SASD) (Vigaud et al., 2009)
and El Niflo Southern Oscillation (ENSO) (Nicholson and Kim, 1997; Reason
and Jagadheesha, 2005). The SIOD is characterised by opposing sea surface
temperature (SST) anomalies in the western and eastern parts of the subtrop-
ical South Indian Ocean and is outlined by Behera and Yamagata (2001) as
follows. During the positive phase of SIOD, warm SST anomalies mark the
southwest Indian Ocean (SWIO), just south of Madagascar and cold ones,
the southeastern Indian Ocean off Australia. These anomalies are associated
with shifts in the position and strength of the subtropical high which according
to Hermes and Reason (2005) may be brought about by changes in southern
hemisphere midlatitude circulation patterns. Anomalies in the subtropical high
lead to changes in winds over the South Indian Ocean, which then result in
modulations in heat transport and fluxes that generate SST anomalies in the
southwest and southeast Indian Ocean. In its positive phase, southeasterlies
off the west coast of Australia tend to be stronger than usual, resulting in in-
creased evaporation over the south eastern Indian Ocean and cooling off the
coast of Australia (Behera and Yamagata, 2001). At the same time, a weaken-
ing in the midlatitude westerlies, contributes to relative decrease in latent heat
loss over the SWIO and warm SST anomalies.



The SIOD typically begins its evolution in late austral spring, reaches its peak
around January and decays by May (Suzuki et al., 2004). Its variability has
been shown to be related to precipitation anomalies over southern Africa dur-
ing austral summer, the season to which it is locked (Behera and Yamagata,
2001; Reason, 2001, 2002; Suzuki et al., 2004). Enhanced southeasterlies
during positive events transport moist air towards southeastern and southcen-
tral Africa where low-level convergence results in postive rainfall anomalies.
Opposite anomalies occur during negative SIOD events due to divergence of
dry air over southeastern Africa (Reason, 2002). However, Suzuki et al. (2004)
note that the relationship between southeastern African rainfall and the SIOD is
nonlinear and that rainfall is not highly sensitive to SIOD-related SST anoma-
lies. Morioka et al. (2012) reported that positive SIOD events only result in
positive rainfall anomalies over southern Africa if they co-occur with a positive
SASD event. Otherwise, significant rainfall anomalies can only be found over
Angola and Madagascar.

The South Atlantic Ocean is one of the major sources of moisture for southern
African precipitation. Analogous to the SIOD, the SASD is the dominant mode
of SST variability over the South Atlantic and has been shown to contribute to
the interannual variability of rainfall over southern Africa during austral summer
(Vigaud et al., 2009; Morioka et al., 2012; Wainer et al., 2014). Consisting of
a dipole-like structure of SST anomalies in the South Atlantic Ocean (Morioka
etal., 2011), the SASD is associated with changes in the position and strength
of the South Atlantic Subtropical High (SASH) (Wainer et al., 2014). During its
positive phase, the increase in strength and southward movement of the SASH
suppresses (increases) the latent heat flux which causes a mixed layer depth
anomaly to develop. The thinner (thicker) mixed layer in the positive (nega-
tive) pole leads to enhanced (reduced) warming and positive (negative) SST
anomalies (Morioka et al., 2011). The reverse occurs for the negative phase of
the SASD. Referring to the mode of variability associated with changes in the
strength and position of the South Atlantic Anticyclone, the South Atlantic Mid-
latitude Mode, Vigaud et al. (2009) found that the negative phase, linked with
the southward migration of the South Atlantic Anticyclone, is associated with
reduced moisture advection over southern Africa and changes in regional cir-
culation that lead to postive rainfall anomalies. Similarly, Morioka et al. (2012),
found that during positive SASD phases associated with the strengthening and
southward migration of the SASH, there are above average rainfall anomalies
over southern Africa. Though the phases are termed differently, both stud-
ies associate the southward migration of SASH with positive rainfall anomalies



over southern Africa.

ENSO is well known to impact climate globally on interannual time scales.
Over southern (East) Africa, it's influence is greatest during January-March
(October-December) (Nicholson and Kim, 1997; Reason et al., 2000) with
typically drier (wetter) than average conditions occurring during El Nifno (La
Nina). El Nino and La Nina years are marked by shifts in the general circu-
lation over southern Africa. During EI Nino, there tend to be continental high
pressure anomalies and a stronger Botswana High/weaker Angola Low (Driver
and Reason, 2017), conditions unfavourable for deep convection (Lyon and
Mason, 2007; Meque and Abiodun, 2015). During La Nifna, there tend to be
anomalous low pressure anomalies over the region which promote convection
and enhance precipitation over southern Africa (Reason et al., 2000; Lyon and
Mason, 2007).

The relationship between ENSO and precipitation is complex and non-linear
(Hoerling et al., 2001; Reason and Jagadheesha, 2005; Meque and Abiodun,
2015). Rainfall anomalies received during particular ENSO events are strongly
influenced by whether or not ENSO impacts significantly on key regional cir-
culation systems such as the Angola Low or the Botswana High (Reason,
2016; Driver and Reason, 2017; Blamey et al., 2018). Average summer rainfall
amounts have been documented during El Nifo and La Nifa years (Landman
and Beraki, 2012). The strong EI Nino of 1997/98 is one such event that was
not marked by dry conditions over southern Africa but by near and in some
areas, above average rainfall. In a comparative study of El Nino and La Nina
related anomalies, Reason and Jagadheesha (2005) found that the 1997/98 ElI
Nino was associated with increased moisture flux from the southeast Atlantic
(off the coast of Angola) and a stronger Angola Low, all of which acted to op-
pose the typical El Niflo signal observed in historical teleconnection patterns.
Similarly, Lyon and Mason (2007) found that the 1997/98 El Nino event was as-
sociated with a relatively intensified Angola Low and increased moisture flux
from the southern African interior and the tropical Indian Ocean.

A phenomenon similar to ENSO which involves the occurrence of warm and
cold events in the tropical southeast Atlantic (Shannon et al., 1986; Florenchie
et al., 2004) has been shown to impact rainfall over coastal Angola and Namibia
and in some instances, parts of the southern African interior (Rouault et al.,
2003; Reason and Smart, 2015). During warm events, due to changes in the
trade winds over the western equatorial Atlantic, warm equatorial Atlantic wa-
ter propagates southward along the west coast of southern Africa where the
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upwelling of cool water typically occurs (Shannon et al., 1986). This occur-
rence has been distinguished from typical warm ENSO events as it does not
necessarily coincide with El Nifno events (Florenchie et al., 2003). Southeast
(SE) Atlantic SST events modulate southern African rainfall mostly during aus-
tral summer since the impact of warm SST anomalies on atmospheric insta-
bility is greater during the season of highest mean SST (Rouault et al., 2003).
Warm events tend to be associated with above average rainfall anomalies over
the coast of Angola and northern Namibia, brought about by increased east-
erly moisture flux from the western tropical Indian Ocean and westerly flux
from the tropical south east Atlantic (Rouault et al., 2003; Reason and Smart,
2015). Additionally, a weakened Botswana High provides suitable conditions
for deep convection and the formation of rainfall (Reason and Smart, 2015).

2.4 Regional circulation features

Regional circulation features modulate the interannual variability of rainfall over
southern Africa. Some of these include the Angola Low, Botswana High and
Mozambique Channel Trough (MCT). The Angola Low is a semi-permanent
cyclonic system located over the Bié plateau in central Angola (Mulenga et al.,
2003; Cook et al., 2004; Munday and Washington, 2017; Howard and Wash-
ington, 2018; Crétat et al., 2019). According to (Munday and Washington,
2017), this low pressure system forms in austral summer, developing from Oc-
tober through March. During austral spring it is present as a heat low which
forms due to surface heating. Later on, the structure of the Angola low trans-
forms and resembles that of a tropical trough. The two phases have been
found to have different dynamics and relationships with ENSO and south-
ern African precipitation. Notably, only the Angola tropical low phase modu-
lates ENSQ’s impact on southern African precipitation (Howard and Washing-
ton, 2018). The strengthening of the Angola Low has been associated with
changes in circulation namely, increased local convection and moisture flux
from the southeast Atlantic Ocean and the penetration of moist northeasterlies
from the tropical western Indian Ocean further into the subcontinent (Munday
and Washington, 2017). These changes act to increase low level convergence
over Angola and the neighbouring south east region. When westerly waves
pass over this region, the formation of TTTs may be triggered, bringing about
rainfall across many parts of southern Africa (Munday and Washington, 2017;
Macron et al., 2014; Hart et al., 2010).



Several studies have detailed the relationship between the Angola Low and
rainfall over various regions across southern Africa. During dry ENSO sum-
mers, Mulenga et al. (2003) found that a weakened Angola Low provided un-
suitable conditions for the formation of cloud bands over southern Africa. Cook
et al. (2004) found that the Angola low tended to be strengthened during early
and late wet summers whereas it tended to be weakened during early and late
dry summers. The Angola low has also been linked to a significant propor-
tion of variability between climate models in simulating rainfall during austral
summer over southern Africa (Munday and Washington, 2017). Crétat et al.
(2019) found that the Angola Low has several main states which correspond to
various shifts in the spatial and temporal distribution of rainfall over southern
Africa. Only a few phases were found to have a significant relationship with
ENSO. These studies show that the strength and position of the Angola Low
play an important role in influencing the distribution of rainfall across southern
Africa and during the austral summer rainfall season.

Like the Angola Low, the Botswana High has been found to play an impor-
tant role in influencing rainfall over southern Africa (Hart et al., 2010; Reason,
2016; Driver and Reason, 2017; Blamey et al., 2018). It is a semi-permanent
mid-level anticyclone which develops from austral spring through summer. It
forms in response to condensational heating over the tropical region of high
precipitation over Africa (in Congo) and occurs to the south west of this high
precipitation region (Reason, 2016). Forming in August, the Botswana High
migrates southwards through austral spring and summer. Its location is linked
to the southward migration of the ITCZ and the region of highest precipita-
tion according to Driver and Reason (2017) who outlined the evolution of the
Botswana High through austral spring and summer as follows. In the month of
July the tropical region of high precipitation lies in the northern Congo basin.
The Botswana High develops over the region covering southern Angola, north-
ern Namibia and northwestern Botswana, south west of the high precipitation
area over the Congo basin. It grows in intensity and shifts southwards, fol-
lowing the southward migration of the ITCZ over southern Africa, reaching its
maximum intensity in February. Thereafter, it weakens and begins to move
northwards while reaching its maximum zonal extent in March, extending from
the South Atlantic Convergence Zone to the western Indian Ocean.

According to Driver and Reason (2017), the relationship between the Botswana
High and rainfall over southern Africa is strongest from January to March. They
correlated rainfall over the main summer rainfall region of southern Africa and
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geopotential height at 500 hPa and found there to be fairly strong negative
correlation values over the region of the Botswana High core. Generally, an
intensified (weakened) Botswana High is linked to reduced (increased) rainfall
over the region. They also found that neutral ENSO years during which the
Botswana High had negative anomalies were associated with a widespread
cyclonic anomaly, increased uplift over southern Africa and increased mois-
ture transport from the southwest Indian Ocean, conditions favourable for the
formation of TTTs. Approximately the opposite was found for summers with
negative anomalies. The Botswana High has been reported to have a sig-
nificant relationship with ENSO. There is a high positive correlation between
the Botswana High and the Nino 3.4 index, however, this relationship is not
linear. (Driver and Reason, 2017; Blamey et al., 2018). Blamey et al. (2018)
found that during the 2015/2016 EI Nino,the Botswana High, along with the
Angola Low and South Indian Ocean High played an important role in mod-
ulating the spatial and temporal distribution of rainfall across southern Africa.
The Botswana High in particular was found to be stronger compared to pre-
vious El Nino events, its subsidence preventing the formation of rainfall rand
resulting in unprecedented widespread dry conditions.

The role of the MCT in influencing southern African rainfall has received rel-
atively less attention. This cyclonic circulation is present over the central and
southern Mozambique Channel during austral summer and develops due to
the dynamical adjustment of easterlies flowing over Madagascar’s high topog-
raphy (Barimalala et al., 2018, 2020). According to Barimalala et al. (2018), the
MCT is present from December to April but is at peak strength during Febru-
ary, thereafter gradually weakening. The cyclonic anomaly associated with
a stronger MCT results in the formation of oceanic cloud bands which bring
about above average rainfall over the SWIO ocean and below average over
the southern African subcontinent. A weaker MCT increases easterly mois-
ture transport and tends to be associated with increased rainfall over south-
ern Africa and a decrease over northern Mozambique, Madagascar and the
Mozambique channel.

The relationship between regional circulation features and rainfall over south-
ern Africa is complex due to the interplay with ENSO and possibly with other
modes of variability, as shown in the studies above The intensity of regional
circulation features can modify ENSO impacts on southern African rainfall
(Reason and Jagadheesha, 2005). Additionally ENSO-related signals can im-
pact regional circulation features which in turn influence rainfall over the region
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(Blamey et al., 2018). Regional circulation features also modulate rainfall dis-
tribution during neutral ENSO events (Driver and Reason, 2017). Knowledge
of the variability of regional circulation features is important for providing key
insights into rainfall variability over southern Africa. It may also reveal potential
for rainfall predictability through monitoring of atmospheric circulation and in
doing so, improve seasonal forecasting of rainfall.

2.5 Intraseasonal timescales

In the past, climate research has had a tendency to focus on seasonal rainfall
totals and their anomalies (Mutai and Ward, 2000; Hachigonta and Reason,
2006). Analysing seasonal rainfall is important as a first step in determining
links between rainfall and various climate processes, as well as trying to predict
seasonal rainfall totals (Mutai and Ward, 2000; Reason et al., 2005). However,
rainy seasons tend to be made up of a combination of wet and dry spells oc-
curring after and before defined onset and cessation dates. Thus stakeholders
such as farmers and water resource managers require more meaningful infor-
mation on likely rainy season characteristics (Reason et al., 2005). Research
of the variability of rainfall characteristics and associated circulation anoma-
lies may provide information on the predictability of these parameters and their
likely patterns.

A number of studies have examined rainfall characteristics over various sub-
regions of tropical (Kijazi and Reason, 2005; Mapande and Reason, 2005)
and subtropical southern Africa (Cook et al., 2004; Tennant and Hewitson,
2002; Usman and Reason, 2004; Reason et al., 2005; Hachigonta and Rea-
son, 2006; Hachigonta et al., 2008; Tadross et al., 2009; Randriamahefasoa
and Reason, 2017). Although studies such as these provide useful information
about rainfall characteristics, when carried out at a subnational scale may miss
out on large scale rainfall patterns and the potential drivers and mechanisms
behind variability. Those carrying out regional assessments of rainfall char-
acteristics by averaging them over very large areas do not account for spatial
variation. Studies that investigate rainfall characteristics over much larger ar-
eas at every grid point include Usman and Reason (2004) (southern Africa),
Dunning et al. (2016) and Dunning et al. (2018) (Africa).

Of particular interest to this dissertation is work done by Usman and Reason
(2004) who examined the distribution, variability and trends of dry spell fre-
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quencies over southern Africa south of the equator during December-February
(DJF). They found that dry spell frequency tended to be higher (lower) during
El Nind (La Nina) for most of southern Africa. Additionally, the occurrence
of dry spell frequencies was linked to changes in the shape and position of
TTTs over the region and the SWIO. A preferred zone of dry spell frequency
occurrence was found across 20-25°S. This region stood out as one with high
susceptibility to drought and was termed the drought corridor.

While Usman and Reason (2004) provided a useful assessment of spatial
and temporal patterns in dry spell frequency over southern Africa, they used
low resolution data (2.5°) over the period 1979-2002. High resolution (0.05°)
data is now available over a longer time period (1981-present), which is more
suitable for composite and interannual variability analyses and capturing to-
pographic influences on rainfall. Dry conditions have extensively been stud-
ied over southern Africa, which is predominantly semiarid. However, studying
rainfall events that lead to both dry and wet conditions paints a more complete
picture of southern African rainfall (Washington and Preston, 2006). With this
in mind, this study aims to assess the distribution of dry spell and wet day
frequencies over southern Africa south of 6°S during three seasons namely,
October-November (ON), DJF and March-April (MA)

2.6 Obijectives

In assessing dry spell and wet day frequencies over southern Africa, this study
has the objective to identify:

i spatial patterns in dry spell and wet day frequencies over southern Africa
by creating climatologies.

ii regions more susceptible to high dry spell and wet day occurrence through
intensity-frequency map analysis

i regions of significant trends by computing trends in dry spells and wet day
frequencies.

iv potential mechanisms of change in rainfall characteristics by performing
regressions and correlations with climate modes and atmospheric and SST
fields.
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3 Data and methods

Dry spell and wet day characteristics

The parameters dry spells and moderate wet days were selected for their agri-
cultural relevance in maize growing, a major source of income for poor rural
populations of southern Africa. These characteristics provide more useful in-
formation about rainfall with regard to germination and growth phases than
seasonal totals do to user groups and stakeholders such as farmers and wa-
ter resource managers. Dry spells were taken to be pentads (5-day periods)
having less than 5 mm of rainfall, a definition which has been used by Usman
and Reason (2004) and Reason et al. (2005). Dry days are defined as those
receiving <1 mm of rainfall (Winsemius et al., 2014), therefore a pentad with
less than 5 mm represents an extended period of dry conditions which could
disrupt crop growth if occurring at a high frequency.

Moderate wet days were taken to be those containing 10-30 mm of rainfall.
This definition was considered suitable since it takes into account a number
factors. Sulfficient rainfall during the germination and growth phase of maize is
crucial for the success of the crop. Rain is unlikely to have an even distribution
throughout the season thus wet days having higher rainfall (compared to the 2
mm lower threshold of wet days (Tadross et al., 2009)) are more likely to con-
tribute to the accumulated amount of rainfall needed for each growing phase.
Additionally, soil evaporation is high during the germination phase and suffi-
cient water is required to bring top soil to field capacity (Raes et al., 2004). The
upper threshold of 30 mm of rainfall (Randriamahefasoa and Reason, 2017)
was selected because heavy rainy days are undesirable for crop growing and
may reduce yields due to water logging, soil erosion and nutrient leaching
(Phillips et al., 1998; Tadross et al., 2007; Munodawafa, 2012).

Seasonal rainfall

Southern Africa south of about 6°S has been shown to have a predominantly
annual rainfall regime (Dunning et al., 2016). According to Fig. 1, the season
of the highest rainfall corresponding to the largest percentage area of southern
Africa is DJF ( 46%), followed by JFM ( 31%). Therefore, analysis of dry spells
and moderate wet days was done with a focus on the core of the rainy season,
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DJF. Attention was also given to the transition seasons of ON and MA during
which the onset and withdrawal of the rains typically occurs.
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Figure 1: Map showing the season of the highest mean seasonal total over
the period 1981/82-2018/2019 using a 0.05° monthly Climate Hazards group
Infrared Precipitation with Stations (CHIRPS) dataset.

It should be noted that an assessment of rainfall characteristics was not car-
ried out using climate models for the following reasons. Current models use
a relatively coarse resolution compared to that required to capture local topo-
graphic influences on rainfall and other rainfall spatial patterns. Models also
experience challenges in convective parameterisation over southern Africa,
and consequently in the representation of southern Africa’s main rain-bearing
systems which are convective in nature. This study requires an observational
precipitation product with sufficient area coverage, high temporal resolution
(daily) and high spatial resolution compared to 2.5°, as used in Usman and
Reason (2004). Several satellite-derived rainfall datasets are now available for
sufficiently long periods, some of which include a global dataset with a reso-
lution of 0.25° from Precipitation Estimation from Remotely Sensed Informa-
tion using Artificial Neural Networks- Climate Data Record (PERSIANN-CDR)
(Ashouri et al., 2015) and those from the Tropical Rainfall Measuring Mission
(TRMM), which have near-global coverage and a resolution of 0.25° (Huff-
man et al., 2007). High resolution (0.05°) quasi-global datasets from CHIRPS
(Funk et al., 2015) were chosen over the above products for following reasons.
They are available over a longer period than those from TRMM, which date
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back to 1998 (CHIRPS however incorporates TRMM data after 1998). While
CHIRPS and PERSIANN datasets are available over a comparable time pe-
riod (1981 to near-present and 1983 to near-present, respectively), CHIRPS
has been shown to provide reliable rainfall estimates within parts of southern
Africa (Muthoni et al., 2019) and has applications in drought monitoring across
Africa (Shukla et al., 2017). Thus, high resolution (0.05 °) CHIRPS pentad
and daily datasets were used to generate time series of dry spells and mod-
erate wet days, repsectively, for the period 1981/82 - 2018/19 during ON, DJF
and MA over southern Africa south of 6°S. Time series were then averaged to
create climatologies of dry spell and moderate wet day frequencies over the
period 1981/82-2018/19.

Intensity-frequency is a statistic used by Usman and Reason (2004) to deter-
mine the susceptibility of a region to drought. In this study, intensity-frequency
maps were plotted to show the percentage number of seasons having 9 or
more dry spells (the duration of half the season) and those having at least
20 moderate wet days during the main summer season (DJF). For the transi-
tion seasons of ON and MA, maps display the percentage number of seasons
having 6 or more dry spells and 10 or more moderate wet days. Trends in
moderate wet day frequency (MWDF) and dry spell frequency (DSF) over the
period 1981/82-2018/19 were computed using the Theil-Sen slope estimator
(Theil, 1950; Sen, 1968) and Mann-Kendall test (Mann, 1945; Kendall, 1975).
These non-parametric methods are robust and thus not sensitive to outliers.

Relationships with modes of climate variability were evaluated by computing
the Pearson correlation coefficient between DSF and MWDF time series and
climate indices namely, Nino 3.4 index using the Hadley Centre Sea Ice and
SST version 1.1 dataset (HadISST1) (Rayner et al., 2003) obtained from http:
/[climexp.knmi.nl/data/ihadisst1_nino3.4a.dat, Southern Annular Mode (SAM)
Marshall index (Marshall, 2003) obtained from https:/legacy.bas.ac.uk/met/
gjma/sam.html and SIOD index (Behera and Yamagata, 2001) obtained from
http://www.jamstec.go.jp/virtualearth/data/SINTEX/SINTEX_SIOD.csv. DSF and
MWDF over southern Africa were also correlated with an index of SST anoma-
lies over the SE Atlantic (8°E to the coast, 10-20°S, as in Rouault et al.
(2009)) to determine the relationship with tropical SE Atlantic events. SST data
was obtained from the National Oceanic and Atmospheric Administration’s
(NOAA’s) Optimal Interpolation SST analysis, version 2 (OISSTV2) which has
a resolution of 0.25° (Reynolds et al., 2002).

To investigate the potential mechanisms and drivers behind changes in the

16


http://climexp.knmi.nl/data/ihadisst1_nino3.4a.dat
http://climexp.knmi.nl/data/ihadisst1_nino3.4a.dat
https://legacy.bas.ac.uk/met/gjma/sam.html
https://legacy.bas.ac.uk/met/gjma/sam.html
http://www.jamstec.go.jp/virtualearth/data/SINTEX/SINTEX_SIOD.csv

occurrence of rainfall characteristics during the main rainy season, DSF and
MWDF were averaged over smaller grid-boxes of nearly equal horizontal res-
olution (1.95°x 2.5°). Linear regressions were performed with various atmo-
spheric fields and SST during DJF for the period 1981/82-2018/19. Monthly
geopotential height at 500 hPa was obtained from European Centre for Medium-
Range Weather Forecasts Reanalysis v5 (ERAS)(Hersbach et al., 2020). The
ERAS5 atmospheric reanalysis is a replacement for European Centre for Medium-
Range Weather Forecasts Reanalysis-Interim (ERA-Interim) (Dee et al., 2011)
and in its production improves on ERA-Interim through advancements in mod-
eling and the assimilation of data. ERAS better represents convective activity
and other atmosopheric features (Hoffmann et al., 2019) since it uses a higher
spatial resolution (0.25°) compared to ERA-Interim (0.75°) and the National
Centers for Environmental Prediction-Department of Energy (NCEP-DOE) Re-
analysis Il (2.5°) (Kanamitsu et al., 2002). Moisture flux (¢)) was computed us-
ing horizontal wind components and specific humidity at 850 hPa from ERA5
according to the following equation:

Q=qVi
where ¢ is specific humidity and V}, is horizontal wind.

Regressions were also performed with outgoing longwave radiation (OLR) data
from University of Maryland’s OLR Climate Data Record which has a horizontal
resolution of 2.5° and omega at 500 hPa from ERAS (0.25°).
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4 Results

The interpretation of the following results will be given in the Discussion
section. The most important results are in production in Thoithi, W., Blamey,
R. C. and Reason, C. J. C. 2021. Dry spells, wet days and their trends across
southern Africa during the summer rainy season. Geophysical Research Let-
ters. doi:https://doi.org/10.1029/2020GL091041.

4.1 Dry spell frequency
Mean dry spell frequency

Fig. 2a shows the distribution of dry spell frequency across southern Africa
during ON, taken here to be the transition season into austral summer. Two
gradients in dry spell frequency were observed over the region. The first is
diagonal, stretching across southwestern Angola, Namibia and western South
Africa. This area on average had between 8 and 12 dry spells per season
with the maximum frequency (12 dry spells) present at the westernmost extent
of the gradient. The second gradient was observed centered along a NW-SE
axis, extending from northern Angola and southern DR Congo to southern
Angola and Zambia. On average, the number of dry spells across this gradient
ranged from 1 to 8. High dry spell frequency (9-12) was found over Tanzania,
northern Mozambique and the western coast of Madagascar. Eastern South
Africa notably had relatively low dry spell frequencies of below 5, a contrast
to the western part of the country where on average, all twelve pentads were
experienced as dry.

During DJF, the main rainy season, there were fairly large areas with fewer than
3 dry spells on average as shown in Fig. 2b. These include the 6-18°S latitudi-
nal band (with the exception of western Angola and eastern Tanzania), Mada-
gascar and eastern South Africa, roughly along the Drakensberg mountain
range. On average, less than a third of the eighteen-pentad season was ex-
perienced as dry over these regions. As with ON, two dry spell frequency gra-
dients were observed over southern Africa during DJF. The diagonal gradient
present during ON persisted through DJF, though stronger, with frequencies
ranging from 7 to 18. It was found located roughly along the western margins
of the Kalahari desert, extending from southwestern Angola to western South
Africa. The second gradient is meridional, located across the 20-24°S band
with a maximum present near the center of the Limpopo River Valley (LRV),
where the borders of Zimbabwe, South Africa and Botswana meet. Mean dry
spell frequencies of 11-13 were observed over this maximum.
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Figure 2: Dry spell frequency climatology over the period 1981/1982 —
2018/2019 during a. ON, b. DJF and c. MA.

Two gradients in dry spell frequency were present over southern Africa during
the MA season, as shown by Fig. 2c. The diagonal gradient present during ON
and DJF was observed in the MA climatology, extending from the southwestern
tip of Angola southwards across western Namibia and western South Africa.
The change in frequency across this gradient is of magnitude 4. Dry spell
frequency was found to generally increase southward from about 10 to 24
°S, with a maximum centred near the Zimbabwe - South Africa border in the
LRV. This region of maximum frequency experienced 11 dry spells on average.
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Relatively low frequencies were observed over eastern South Africa, which
experienced between 3 and 4 dry spells per season. Southwest Madagascar
had markedly higher dry spell frequencies (8-11) than the rest of the island
which on average had fewer than 5 dry spells.

Intensity-frequency maps

Intensity-frequency maps of Fig. 3 are indicative of the susceptibility of an area
to experiencing meteorological drought. They show the percentage of the to-
tal number of seasons (38) that were dry for the duration of at least half the
season (6 pentads for ON and MA, 9 pentads for DJF). Over most of south-
ern Africa, more than 50% of ON seasons consisted of 6 or more dry spells
as shown in Fig. 3a. The maximum percentage (100%) was observed over
northern Tanzania and Mozambique, parts of the Zambezi near the Zimbabwe
- Mozambique border and the stretch covering southwestern Angola, Namibia
and western South Africa, the approximate location of the dry spell frequency
gradient observed in Fig. 2a. During each of the 38 seasons studied, these
areas experienced dry conditions for at least 6 pentads. Regions that stood
out as having no season consisting of at least 6 dry spells (<3%) include cen-
tral Madagascar, roughly over the central high plateau, and eastern southern
Africa, near the Drakensberg mountain range. Relative minimums were ob-
served around the border between Malawi and Mozambique, near the Mulanje
Massif, and around the Chimanimani mountain range found on the border of
Mozambique and Zimbabwe. Here, 25-30% of the ON seasons had 6 or more
dry spells.

Fig. 3b shows the percentage of summers that were dry for at least 9 pentads
(half the season). During DJF, most of southern Africa had no season with
at least 9 dry spells. A maximum was observed over western southern Africa
where all 38 summers consisted of 9 or more dry spells. This number de-
creases to 21-37 ( 55-97%), over the surrounding strip stretching from south-
western Angola to central South Africa. A band extending eastwards from this
region to southern Mozambique (22-24°S) exists where more than 40% of the
seasons had at least 9 dry spells. Herein, a maximum was found to be present
in the central Limpopo River Valley where the percentage of seasons having
at least 9 dry spells fell within the range of 85-100% . The significance of the
latitudinal band and its core will be explained in the Discussion section.
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Figure 3: Intensity-frequency maps showing the percentage of the total num-
ber of seasons which consisted of at least 6 dry spells out of a maximum
possible of 12 during a. ON, ¢. MA, and 9 out of 18 during b. DJF.

During MA, the region covering roughly 18-25°S had more than 50% of the
MA seasons as dry for at least 6 pentads (half the season). In this area,
a maximum was observed over the LRV where all 38 seasons had at least
6 dry spells. A relative maximum was observed over the Zambezi near the
Zimbabwe-Mozambique border where more than 90% of the seasons were dry
for half the season. The area covering western Lesotho and South Africa just
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south of Lesotho stood out as having low frequency (0-5 seasons) compared
to the surrounding regions

Dry spell frequency trends

Trends with P<0.05 were reported as significant.
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Figure 4: Trends in dry spell frequency during a. ON, b. DJF and c.
MA. Contoured shading shows trends in dry spells per decade. Hatch-
ing denotes areas of significant trends (5% level) calculated over the period
1981/1982—2018/2019.
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Fig. 4a shows dry spell frequency trends over southern Africa during the sea-
son of ON. Generally, trends ranged from -1 to +1 dry spells per decade,
however, only a few areas showed significant trends at the 95% confidence
level. Significant increasing trends were observed over northwestern Zambia
extending slightly west into Angola, a stretch running from southern Botswana
to central South Africa, southern Madagascar and sparse areas in Tanzania
and Mozambique.

During DJF, significant trends taking place at a rate of about -1 dry spells per
decade were observed in a northwest-southeast orientation across northern
Namibia, southern Botswana and central South Africa, roughly along the west-
ernmost extent of cloud bands over southern Africa and diagonal DSF gradient
during austral summer (Fig. 4b). Significant decreasing trends were also found
over the northern Botswana - western Zimbabwe region and over scattered ar-
eas in southern Angola, northeastern South Africa and southern Mozambique.
Negative trends with magnitude of about 1 were observed over the southwest-
ern tip of Angola and eastern Tanzania.

Trends in dry spell frequency over southern Africa during MA were negative
for the most part as shown in Fig. 4c. Only few areas showed significant
trends. Increasing trends of about 1 dry spell per decade were observed
along the southwestern edge of Namibia and western South Africa whereas
negative trends of magnitude 1 were found mostly over a few areas in South
Africa. These include the North West province and sections of the Drakens-
berg, one stretching from northern Lesotho to Mpumalanga and the other a
small area in the Limpopo Province centered at about 23°S, 30°E. Another
region of decreasing trends was observed over western Zimbabwe - southern
Mozambique.

4.2 Moderate wet day frequency
Mean moderate wet day frequency

Fig. 5a shows the moderate wet day frequency distribution across southern
Africa during ON. With the exception of eastern DR Congo and parts of north-
ern and central western Angola which had mean frequencies ranging from 15
to 24 wet days, southern Africa on average experienced less than a quarter of
the ON season (15 days) as moderate wet days. As somewhat of an inverse of
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the mean dry spell frequency distribution during ON in Fig. 2a, a minimum in
moderate wet day frequency was observed over western southern Africa. This
area had 0 wet days on average. Relative maximums were found to present
over eastern southern Africa, near the northern Drakensberg mountain range,
and central Madagascar. These areas had a mean of between 9 and 11 mod-
erate wet days during ON.
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Figure 5: Moderate wet day frequency climatology over the period 1981/1982
—2018/2019 during a. ON, b. DJF and c. MA.
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Generally, the 6-19°S band on average had at least a fifth of the season (18
days) consisting of moderate wet days during DJF as shown in Fig. 5b. The
highest values were found over northern Mozambique and the southern Congo
basin, which covers southern DR Congo / northern Zambia. Here, mean val-
ues ranged from 28-38 moderate wet days. High frequencies of the same
range were observed over northern and central Madagascar. In contrast, the
southern part of the island experienced fewer than 15 moderate wet days on
average. Eastern southern Africa, roughly along the Drakensberg mountain
range, was also found to have relatively high mean values of between 13 and
19 wet days. Low frequencies of less than 7 days were found over the diag-
onal gradient in dry spell frequency observed in Fig. 2b and minimum values
(0 days) along western Namibia and South Africa. The central Limpopo River
Valley which had had relatively high dry spell frequencies (Fig. 2b) stood out
as having relatively low frequencies of 4-7 wet days.

Most of southern Africa had a mean moderate wet day frequency of below 10
days during MA as shown in Fig. 5¢ . Minimum values were observed over the
western coast of southern Angola, Namibia and South Africa where the sea-
son on average experienced no moderate wet day. Mean frequencies of 10
or more days were found over Angola, southern DR Congo, northern Zambia,
western and southern Tanzania, and central and northern Madagascar. Max-
imum values of 17-20 wet days were observed over areas scattered across
western Angola and at the northern tip of Madagascar.

Intensity-frequency maps

Intensity-frequency maps in Fig. 6 show the susceptibility of an area to expe-
riencing moderate wet days. Values plotted in Fig. 6a show the percentage of
the total number of ON seasons having at least 10 moderate wet days. Dur-
ing the 38 year period, most of southern Africa had no season consisting of
10 or more wet days. Maximum values were observed over parts of central
DR Congo, where 100% of the seasons (38) had at least 10 days that were
experienced as wet. This number decreases in the surrounding regions of
northern Angola and central DR Congo to 76-97% (28-37 seasons). Relative
maximums were observed over eastern South Africa and central Madagascar,
where 24 -45% of the seasons (9-17) had 10 or more moderate wet days.
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Figure 6: Intensity-frequency maps showing the percentage of the total num-
ber of seasons which consisted of at least 10 moderate wet days out of a
maximum possible of 60 during a. ON, ¢. MA and, 20 out of 90 during b. DJF.

Percentages in Fig. 6b show the proportion of summer seasons with at least
20 moderate wet days. Less than 50% of the summers consisted of 20 or more
moderate wet days over subtropical southern Africa. This number increased
to 75-100% over the tropical region stretching from central Angola to northern
Mozambique. Maximum percentages were observed over northern and central
Madagascar, near the Zambia / DR Congo border and northern Mozambique
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where all 38 summers had 20 or more wet days. Two relative maximums were
observed over eastern South Africa near the northern and southern sections
of the Drakensberg. The percentage of seasons having at least 20 moderate
wet days ranged between 24 and 34 (9-13 seasons) over these areas.

Values in Fig. 6¢ show the percentage of MA seasons that had 10 or more
moderate wet days. Southwestern Madagascar and the area south of about
17°S over the southern African mainland generally had fewer than 5 seasons
with at least 10 wet days. This number increased over northern and central
Angola, southern and central DR Congo, northern Zambia and southern Tan-
zania, areas that had between 25 and 37 seasons (66-100%) experiencing 10
or more wet days. Percentages of the same range were also observed over
central and northern Madagascar. A maximum was observed centred around
8°S, 24°E where all 38 seasons had at least 10 moderate days.

Moderate wet day frequency trends

Most of southern Africa had increasing wet day trends during the ON sea-
son however only a few areas showed significant trends at the 5% level (Fig.
7a). Significant increasing trends ranging from about 1-2 moderate wet days
were observed over two discrete areas in northern Angola/ eastern DR Congo,
along 16°and 21°E. Decreasing significant trends of a magnitude of about 1
were found over northern Angola, southern DR Congo and South Africa, cut-
ting across the North West and Free State provinces. West of this region in
central South Africa is a region of weak significant increasing trends of about
1 wet day per two decades.

As with ON, most of southern Africa showed increasing trends in moderate
wet day frequency during DJF as shown by Fig. 7b. Significant increasing
trends of 1-4 wet days per decade were observed over central Angola near the
Angolan plateau, the DR Congo - Zambia border, eastern Botswana / western
Zambia and the northern tip of Madagascar. This range decreases to 1-2 over
the strip running from the Drakensberg’s most southern extent in the Eastern
Cape northwards to about 27°S, 29°E. There was a small area of significant
decreasing trends of about 1-2 wet days per decade over southern DR Congo.

During MA, most of southern Africa showed an increase in moderate wet day
frequency, however only a few areas had significant trends (Fig. 7c). Positive
trends ranging between 1 and 2 wet days per decade were observed near
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the Angola - DR Congo border centred along 22°E, the DR Congo - Zambia
border and over northern Botswana. Weaker increasing trends of about 1 wet
day per two decades were found over the west coast of southern Namibia and
South Africa. A few areas over northern Angola, northern Mozambique and
the west coast of Madagascar showed a decreasing trend of about -1 wet day
per decade.
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Figure 7: Trends in moderate wet day frequency during a. ON, b. DJF and
c. MA. Contoured shading shows trends in wet days per decade. Hatch-
ing denotes areas of significant trends (5% level) calculated over the period
1981/1982 — 2018/2019.
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4.3 Potential mechanisms

Indices of climate modes known to influence rainfall over southern Africa namely,
ENSO, SIOD and SAM were correlated with and DSF and MWDF over south-
ern Africa during ON, DJF and MA. DSF and MWDF were also correlated
with an index of tropical SE Atlantic SST events. Possible mechanisms driving
changes in dry spell and wet day frequencies across southern Africa were ex-
amined through regressions with atmospheric and SST fields over two areas
in southern Africa during DJF. Region 1 is found in South Africa, southwest
of Lesotho. This region was chosen since it forms part of the DSF diagonal
gradient and showed significant trends in DSF and MWDF during DJF. Addi-
tionally, it is located within an important South African agricultural area where
sheep keeping predominates. Region 2 extends slightly eastwards from west-
ern Botswana to South Africa and Zimbabwe. It was selected as it is rep-
resentative of the meridional gradient in DSF and forms part of the drought
corridor. During DJF, a relative DSF (MWDF) maximum (minimum) and signifi-
cant trends in DSF were found in this area. Forming part of the Limpopo River
Basin (LRB), this region supports both subsistence and commercial agricul-
ture. It is also home to the Mapungubwe National Park. Results of computed
correlations and regressions will be outlined in this subsection and the inter-
pretation given in the Discussion section.
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20°S
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[ regionl
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10°E 20°E 30°E 40°E 50°F

Figure 8: Map showing region 1 and 2. Subregions within these polygons are
those over which DSF and MWDF were regressed against atmospheric and
SST fields. Shaded polygons show subregions whose maps are displayed
and whose results are representative of other subregions within each region.
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Correlations with climate modes

Figures displaying correlations with ENSO and with SST over the SE Atlantic
will be shown for all three seasons. However, for SIOD and SAM, only those
displaying correlations during DJF will be shown as relationships were most
robust over spatially coherent areas during this season. Figs. A2 and A3
in the Appendix A1 section show correlations with SIOD and SAM indices,
respectively, during ON, DJF and MA. Correlations with P <0.05 at the 95 %
confidence level are reported as significant.
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Figure 9: Correlation coefficients between the Nino 3.4 index and dry spell
frequencies during a. ON, c. DJF and e. MA, and with moderate wet day fre-
quencies during b. ON , d. DJF and f. MA. Hatching denotes areas of signifi-
cant correlations (95% confidence level) calculated over the period 1981/1982
—2018/2019

During ON, ENSO was found to have a positive significant relationship with
DSF over parts of southeastern Africa, as shown by Fig. 9a. These include
northern Angola, southern Zimbabwe - northern South Africa, the Zimbabwe -
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Mozambique border near the Chimanimani Mountains and a few scattered re-
gions over central and eastern South Africa, where r values ranged from 0.32
to 0.62. By contrast, DSF over Tanzania and parts of western Madagascar
were negatively correlated with ENSO (-0.32 to -.62). For MWDF, a positive
significant relationship was observed over Tanzania and northern Madagas-
car (0.32-0.74) whereas southern Mozambique and the north eastern coast
of South Africa showed significant negative correlations ranging from -0.32 to
-0.64 (Fig. 9b). ENSO was shown to be significantly correlated with DSF
and MWDF over much larger areas during DJF. Fig. 9c shows that with the
exception of northeastern Madagascar, western Angola and sparse areas in
southern DR Congo and Tanzania, DSF over of southern Africa had a posi-
tive relationship with ENSO with significant r values ranging from 0.32 to 0.78.
Conversely, MWDF roughly south of 15°S was significantly negatively corre-
lated with ENSO (-0.32 to -0.77). Exceptions include the northern half of the
Namibian Coast and northeastern South Africa near Eswatini. Over Madagas-
car, an inverse relationship between ENSO and MWDF was observed over
the southwestern part of the island and over the north, a positive relationship
(Fig. 9d). During MA, significant correlations covered more sparse areas of
southern Africa. According to Fig. 9e, DSF over southern Africa had a positive
relationship with ENSO over the western coast of Angola, Namibia, western
South Africa and parts of Mozambique (0.32-0.71). For MWDF, significant
negative correlations ranging from -0.32 to -0.63 with were found to be present
over southern Angola, Namibia and parts of Malawi (Fig. 9f).

SIOD and SAM were significantly correlated with DSF / MWDF mostly during
DJF. During ON, weak non-significant positive correlations between SIOD and
DSF were present over southern Africa (Fig A2a) whereas correlations with
MWDF showed a mix of non-significant positive and negative correlations as
shown in Fig A2b. SIOD was significantly correlated with DSF / MWDF mostly
over southeastern Africa during DJF. The area of significant correlations with
DSF covered western Botswana, Zimbabwe and southern Mozambique with
values ranging from -0.32 to -0.67 as shown in Fig. 10a. A few areas of signif-
icant positive correlations were observed over the coasts of southern Angola,
northern Namibia, northern Mozambique and eastern Madagascar. SIOD had
a positive relationship with MWDF over much of southern Africa during aus-
tral summer. Significant correlations were found to be present over Botswana,
Zimbabwe, Zambia, southern Mozambique and southern Madagascar where
values ranged from 0.32 to 0.75 (Fig. 10b). During MA, SIOD has a significant
negative relationship with DSF over the region stretching from southern Angola
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to southern Mozambique (Fig. A2e) and a non-significant positive relationship
with MWDF over southern Africa (Fig. A2f).
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Figure 10: Correlations between a. the SIOD index and dry spell frequencies,
b. the SIOD index and moderate wet day frequencies, c. the SAM index and
dry spell frequencies and d. the SAM index and moderate wet day frequencies.
Hatching denotes areas of significant correlations (5% level) calculated over
the period 1981/1982 — 2018/2019 during DJF.

As shown in Figs. A3a and b, during ON, DSF and MWDF correlations with
SAM were non-significant over southern Africa. SAM however had a significant
relationship with DSF and MWDF during DJF. Significant correlations with DSF
were found over Lesotho and the area covering western and central South
Africa as shown in 10c. Only a few areas showed significant correlations with
MWDF with values ranging from 0.37 to 0.45. These include western Angola,
Lesotho, southern Madagascar and sparse areas in South Africa as shown in
Fig. 10d. During MA, non-significant correlations were observed over southern
Africa (Figs. A3e and f).
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Figure 11: Correlation coefficients between an index of SST averaged over the
tropical SE Atlantic (10-20°S, 8°E to coast) and dry spell frequencies during a.
ON, c. DJF and e. MA, and with moderate wet day frequencies during b. ON
, d. DJF and f. MA. Hatching denotes areas of significant correlations (95%
confidence level) calculated over the period 1981/1982 —2018/2019

Correlations between an index of warm events in the tropical SE Atlantic and
DSF/ MWDF over southern Africa during ON, DJF and MA are shown in Fig.
11. During ON, SST over the SE Atlantic was found to be negatively corre-
lated with DSF over the coasts of Congo, DR Congo, northern Angola and
over Eswatini. Significant r values over these areas ranged from -0.32 to -
0.72. The two regions showing significant positive correlations during ON in-
cluded one running from southern DR Congo through western Zambia and the
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other southern South Africa (r=0.4-0.6). Correlations with MWDF over south-
ern Africa showed the opposite signal of those with DSF for the most part.
There was an area of positive correlations over the region covering the coasts
of Congo, DR Congo and northern Angola (r=0.32-0.76). In contrast, nega-
tive correlations were observed over southeastern Angola, parts of northern
Namibia and Botswana and the regions of western and central South Africa.
Over these areas correlations ranged from -0.32 to -0.68.

During DJF, correlations with DSF were mostly negative over southern Africa.
Significant correlations ranging from -0.32 to -0.77 were observed over the
coasts of Congo, DR Congo and Angola, southwestern South Africa, south-
eastern Angola and scattered areas in Botswana, Zimbabwe and Mozam-
bigue. The relationship between MWDF over southern Africa and SST in the
tropical SE Atlantic was mostly positive with significant correlations observed
along the coasts of southern Gabon, Congo, DR Congo and Angola (r=0.33-
0.6). Weaker positive correlations were also observed over western Botswana
and parts of western and central South Africa. A few regions of negative cor-
relations were found scattered over the interior of DR Congo.

Significant correlations were observed over a smaller area during MA. For DSF,
negative correlations were observed over southwestern Angola and northwest-
ern Namibia with r values ranging from -0.32 to -0.75. Smaller areas over the
coast of Tanzania and northern Mozambique also showed significant negative
correlations, though weaker. Significant positive correlations with MWDF were
observed along the coast of Angola and over the region covering southern An-
gola and northern Namibia (0.32-0.69). There was a small region of negative
correlations over northern Angola - southern DR Congo where r values ranged
from -0.32 to -0.69.

Region 1

Only regressions with DSF are shown as those with MWDF showed the ap-
proximately the opposite. In Fig. 12, DSF (MWDF) regressions with geopoten-
tial height at 500 hPa showed a positive (negative) sign roughly over Antarctica
and negative (positive) over the location of the southern hemisphere wester-
lies, a pattern reminiscent of SAM. Additionally, DSF (MWDF) had a positive
(negative) relationship with Z500 over the Botswana High region. These rela-
tionships and others will be further detailed in the Discussion section. Fig. 13a
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plots DSF (MWDF) over region 1 regressed against omega at 500 hPa and
indicates that a positive (negative) relationship with omega existed over much
of subtropical southern Africa, extending diagonally from Angola to the east
coast of South Africa and Mozambique. Likewise, DSF (MWDF) over region 1
had a positive (negative) relationship with OLR over the interior of subtropical
southern Africa (Fig. 13b). Reminiscent of ENSO SST anomalies, SST over
the central and eastern tropical Pacific was observed to have a fairly strong
positive (negative) relationship with DSF (MWDF) over region 1 as shown in
Fig. 14b . Additionally, DSF (MWDF) had a significant negative (positive) re-
lationship with SST in the tropical SE Atlantic. Moisture flux over the South
Atlantic was positively (negatively) associated with DSF (MWDF) whereas that
over the southern Indian Ocean had a negative (positive) relationship with DSF
(MWDF) ( Fig. 14a).

Figure 12: Regressed geopotential height at 500 hPa (shaded contours in
m) with respect to area averaged dry spell frequency over region 1 over the
period 1981/82-2018/19 during DJF. Stippling denotes significant regressions
(p <0.05).
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Figure 13: Regressed a. omega at 500 hPa (shaded contours in Pa s~!) and
b. OLR (shaded contours in W m~2). Regression is calculated with respect
to area averaged dry spell frequency over region 1 over the period 1981/82-
2018/19 during DJF. Stippling denotes significant regressions (p <0.05).
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Figure 14: Regressed a. moisture flux at 850 hPa (shaded contours in kg
kg~! m s7!) and b. SST (shaded contours in °C). Regression is calculated
with respect to area averaged dry spell frequency over region 1 over the pe-
riod 1981/82 - 2018/19 during DJF. Stippling denotes significant regressions
(p <0.05).
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Region 2

Fig. 15 shows that there was a negative (positive) relationship between DSF
(MWDF) and 500 hPa geopotential height over two areas of the subtropical
southern Indian Ocean, one near the southern Mozambique Channel and the
other centered along 90°E, in the Mascarene High region. As with region
1 DSF (MWDF) over region 2 had positive (negative) regressions with omega
over the southern Africa interior, however in this case the area extended south-
eastwards to the southwest Indian Ocean (Fig. 16a). Similarly, DSF (MWDF)
had a positive (negative) relationship with OLR over this region as shown in
Fig. 16b. In Fig. 17b, regressions with SST show that DSF (MWDF) had a neg-
ative (positive) relationship with SST in the southwest Indian Ocean and pos-
itive (negative) with those off Australia in the eastern Indian Ocean, a pattern
reminiscent of the SIOD. Additionally, DSF (MWDF) had a significant negative
(positive) relationship with SST over the eastern and western Pacific Ocean.
DSF (MWDF) over region 2 is negatively (positively) associated with easterly
moisture fluxes from the southern Indian Ocean (Fig. 17a).

Figure 15: Regressed geopotential height at 500 hPa (shaded contours in
m) with respect to area averaged dry spell frequency over region 2 over the
period 1981/82-2018/19 during DJF. Stippling denotes significant regressions
(p <0.05).

37



15°S
30°S

45°S

3e-03
2e-03
le-03
|
0e+00
[©]
[
-le-03
-2e-03
-3e-03

15°S

30°Sk:

45°S

0.25
0.20
0.15
0.10
0.05
-0.00 €
-0.05=
-0.10
-0.15
-0.20
-0.25

30°E 60°E

Figure 16: Regressed a. omega at 500 hPa
b. OLR (shaded contours in W m—2).
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Regression is calculated with respect

to area averaged dry spell frequency over region 2 over the period 1981/82-
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Figure 17: Regressed a. moisture flux at 850 hPa (shaded contours in kg
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in °C). Regression is calculated

with respect to area averaged dry spell frequency over region 2 over the pe-
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5 Discussion

The mean distribution of DSF and MWDF over tropical southern Africa from
ON to MA is consistent with that of seasonal totals as areas of low sea-
sonal rainfall generally correspond to areas of high (low) DSF (MWDF) and
vice versa (section 6). It follows the north-south displacement and change in
latitudinal extent of the African tropical rain belt which begins its southward
movement into southern Africa in October, the onset of the rainy season in
southern Africa (Reason, 2017). The rain belt moves farther south during DJF
when it is present over a greater latitudinal extent across the region. During
MA it retreats slightly northward and decreases in latitudinal extent (Nicholson,
2018). The shifts in the position and breadth of the rain belt roughly corre-
spond to the expansion of the region of low DSF \high MWDF region which
occupies northern Angola and DR Congo during ON and roughly the 6-18 °S
band during DJF. Thereafter, during MA, this region is restricted to northern
Angola, DR Congo and Tanzania. Near the southern boundary of the tropi-
cal rain belt is the meridional gradient in DSF, which is most prominent during
DJF. While the gradient varies in position and strength through the seasons,
DSF generally increases southwards as one crosses the southern boundary
of the tropical rain belt. The meridional gradient exists in part due to changes
in regional topography and the presence of the MCT which discourages direct
easterly moisture transport over subtropical southeastern Africa (Barimalala
et al., 2018, 2020). The diagonal gradient in DSF is present over western
southern Africa from southwestern Angola to western South Africa through all
three seasons however it it strongest during DJF, when its location lines up with
the western boundary of the typical area where continental cloud bands occur.
The NW-SE orientation of TTTs which contribute significantly to summer rain-
fall (Todd and Washington, 1999) contributes to the orientation of this gradient.
Further, the span of the rain belt over tropical southern Africa is smaller to the
west (Nicholson, 2018).

The influence of topography on rainfall is expected to be observable on the
windward slopes and peaks of mountains (relatively low DSF / high MWDF)
and over areas which fall within the rain shadow (relatively high DSF / low
MWDF). Low DSF over eastern Madagascar is due to enhanced rainfall oc-
curring on the windward side of the mountain range running lengthwise across
country. According to Jury et al. (1995), the east coast of the island expe-
riences significantly higher rainfall than the west due to being on the wind-

39



ward side of the mountain. High MWDF is prominent especially over north-
ern and central Madagascar where the highest mountain peaks are located
(Randriamahefasoa and Reason, 2017). Southwestern Madagascar lies in
the rainshadow and thus has relatively high DSF and low MWDF (Jury et al.,
1995; Randriamahefasoa and Reason, 2017). Over the southern African main-
land, relatively low DSF and high MWDF found over eastern South Africa are
a result of orographic forcing on the eastern windward slopes of the Drakens-
berg. Other topographic effects are observed east of Mulanje Massif (on the
windward side) during ON, where there is relatively low DSF and high MWDF.
Additionallly, through all the seasons, low DSF is found over the central Zim-
babwe / Mozambique border roughly over the highest peaks of the Chimani-
mani mountain range (Wursten et al., 2017). During ON and DJF, on the east
coast of South Africa, around the Kwa Zulu Natal / Eastern Cape region, low
DSF may be associated with ridging anticyclones which interact with westerly
frontal systems to produce onshore flow and heavy rainfall over this coastal
region located near the Drakensberg escarpment (Weldon and Reason, 2014;
Ndarana et al., 2018; Mahlalela et al., 2020).

Another interesting feature of DSF climatology is the relative maximum in the
central LRV observed during DJF and MA. This maximum is consistent with
the relative minimum in seasonal rainfall found over the LRV during DJF and
MA (Fig. A1) and exists in part due to the topography of the low-lying Limpopo
River Valley which is unfavourable for the development of convective systems
(Rapolaki et al., 2019). Additionally, the MCT which develops due to the dy-
namical adjustment of the easterlies over the high topography of Madagascar,
discourages the direct easterly moisture flux transport from the southern In-
dian Ocean to the LRV (Barimalala et al., 2018, 2020).

Intensity-frequency maps in Fig. 3 indicate the susceptibility of an area to
experiencing meteorological drought since they show the number of seasons
having half of the season containing dry spells. Usman and Reason (2004)
identified a preferred region of high DSF located across 20 to 25°S during DJF,
where more than half of the season was often made up of dry spells. This zone
was termed the drought corridor and can be observed in Fig 3b lying roughly
across a more tightly defined band, 22-24°S. Here summers frequently had
half of the season made up of dry spells. Over the same region is an area
of relatively high coefficients of seasonal rainfall variation (section 6) which
shows that considerable interannual rainfall variability is experienced within
the drought corridor. This study reveals a core in the drought corridor located
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in the central LRV which is absent in Usman and Reason (2004) due to the
lower resolution of the data used (2.5°). The core is the region where 85-
100% of the summers had 9 or more dry spells and is thus highly susceptible
to multi-year droughts despite being located relatively near moisture sources
of the tropical west and southwest Indian Ocean (Rapolaki et al., 2020). The
drought corridor covers 18-25°S during MA and corresponds to a region of low
seasonal rainfall and relatively high coefficients of variation (CVs) (Fig. A1).
Covering a larger area than during DJF, the core of the drought corridor during
MA is found in the northern Limpopo River Basin, where 100% of seasons had
half of the season made up of dry spells.

Intensity frequency maps in Fig. 6 show the susceptibility of an area to the
occurrence of moderate wet days. During DJF, the area where at least 50%
of the seasons were made up of 20 or more wet days stretches from northern
Mozambique to central Angola and corresponds to the region of relatively high
seasonal rainfall (=700 mm) over the tropical southern Africa (Fig. A1). During
ON and MA, this region is restricted to wet areas of tropical convergence north
of 15°S (10 or more wet days). Topographic incluences are observed over the
mountain peaks of northern and central Madagascar and eastern South Africa
to a lesser extent. Intensity-frequency maps can be understood to show the
number of summers with 2 wet days every nine days during DJF and 1 every
6 days during ON and MA. If wet days are evenly distributed within the season
and other physical factors are satisfied, then an area may be well suited to rain-
fed agriculture. Most of southern Africa however had less than a third of the
seasons analysed having 10 (ON, MA) and 20 or more wet days (DJF), sug-
gesting that rainfall in subtropical southern Africa is unreliable for agricultural
needs.

During ON, significant increasing trends occurring at a rate of about 1 dry spell
per decade over southern Botswana and central South Africa, the southern
extent of the diagonal DSF gradient present during ON, imply that a strength-
ening of the gradient has occurred over the region in the recent years. A shift
towards increased DSF during ON is consistent with projected early summer
drying over southern Africa. In Dunning et al. (2018), large areas in south-
ern Africa were projected to have later onset dates during the summer rainy
season. Munday and Washington (2019) showed that there is a broad con-
sensus among climate models of a projected decline in rainfall during OND,
the season of rainfall onset. While this study does not analyse trends in onset
and withdrawal dates, the increase in DSF during ON may point to a shift in
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the onset date (later onset) and shortening of the rainy season over this area
which could affect the germination and growth phase of crops over the western
fringes of the maize growing region of South Africa. In contrast to ON trends,
decreasing trends of the same magnitude occurring over northern Namibia,
southwest Botswana and central South Africa, the approximate location of the
diagonal DSF gradient present during DJF, suggest a weakening and west-
ward shift of the gradient during the summer season. Decreasing DSF trends
in western Botswana - eastern Zimbabwe suggest a shift towards more con-
sistent rainfall and a narrowing of the DJF drought corridor. If these trends in
DSF persist, they may have significant implications for agricultural land use.
Over South Africa, for example, significant trends occur on the margins of the
maize growing region which is located in the wetter eastern part of the country
(Mangani et al., 2019). Cattle keeping and sheep farming are more common
farther west in the arid areas (Cloete and Olivier, 2010).

Increasing trends in MWDF (1 wet day per two decades) and DSF (1 dry spell
per decade) over central South Africa during ON are seemingly in opposi-
tion to each other. Moderate wet day trends are much weaker thus trends
over this region may signal the occurrence of heavier rainfall but increase in
drought. Consistent with this change is the decrease in light wet days (2-9
mm ) occurring roughly over the same region during ON (Fig. A4 ). North-
east of this region and north of Lesotho is an area of decreasing MWDF (1
wet day per decade) coupled with an increase in DSF which indicates drying
of the region. During DJF, increasing trends observed in Fig. 7c occur over
important agricultural areas in southern Africa. Maize growing predominates
in central Angola and the South African region stretching northwest from the
central Drakensberg towards Johannesburg whereas grazing is more common
in the area extending southwest from from southern Lesotho. The increase in
the occurrence MWD over these regions may be favourable for agriculture es-
pecially over the latter region, which, if trends persist, may open up to more
mixed farming. Other areas of statistically significant increasing trends near
the DR Congo-Zambia border and over the western Botswana-Zimbabwe re-
gion are more sparsely settled. It is noteworthy that a significant increase of
about 3 wet days per decade over the MWDF maximum near the southern DR
Congo-Zambia border which on average has 34 to 36 moderate wet days.

The relationships between climate modes and DSF / MWDF over southern
Africa are consistent with what has been published about relationships with
seasonal rainfall. The dipole pattern in correlations with ENSO during ON,
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when DSF (MWDF) over Tanzania had a significant negative (postive) rela-
tionship with ENSO compared to southeastern Africa where correlations were
positive (negative), is consistent with the opposing influences of ENSO on
East (positive relationship) and southern African (negative relationship) rain-
fall (Nicholson, 2000). During DJF, ENSO had the most widespread significant
correlations over the region since it is the dominant driver of interannual vari-
abilty of southern African rainfall (Nicholson and Entekhabi, 1987; Nicholson
and Kim, 1997; Reason, 2001) and events are phase-locked to austral sum-
mer (Ham et al., 2013; Chen and Jin, 2020). It is worth mentioning that the
spatial correlation pattern with DSF is similar to that with seasonal total rainfall
during DJF (Fig. A5). However, significant correlations with DSF occur over
a smaller region and exclude a few areas such as Tanzania, where significant
correlations with seasonal totals occurred. During MA, significant correlations
were present over much smaller areas as this is typically the decaying phase of
ENSO, when ENSO-related SST anomalies decrease in amplitude (Lee et al.,
2014).

Like ENSO, SIOD events are seasonally locked to austral summer (Behera
and Yamagata, 2001). The relationship with DSF and MWDF is consistent the
SIOD’s influence on southern African rainfall. Positive (negative) SIOD phases
tend to be associated with above (below) rainfall over parts of southeastern
Africa (Behera and Yamagata, 2001; Reason, 2001). Circulation anomalies
associated with positive SAM phases are known to be favourable for above av-
erage rainfall over parts of southern Africa during summer (Gillett et al., 2006;
Malherbe et al., 2014). This is consistent with SAM’s negative relationship with
DSF over South Africa and southern Madagascar during DJF as lower DSF is
associated with positive SAM phase.

Warm SST anomalies over the tropical SE Atlantic occurring during late sum-
mer (February-April) have been shown to be associated with increased local
convection and increased Atlantic westerly moisture transport and rainfall over
the coasts of Angola and Namibia (Rouault et al., 2003; Reason and Smart,
2015). During MA, the relationship between DSF/MWDF and SST averaged
over the SE Atlantic was consistent with these observations since positive SST
anomalies were associated with decreased (increased) DSF (MWDF) over the
southwestern Angola and northwestern Namibia (the coast of Angola). Since
warm events develop through summer (Florenchie et al., 2004), they may im-
pact rainfall over coastal Angola and Namibia during ON and DJF as well, as
suggested by positive correlations with seasonal rainfall (not shown) and nega-
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tive (positive) correlations with DSF (MWDF) over coastal Angola and Namibia.

Regressions with various atmospheric fields and SST point to the potential
mechanisms associated with change in DSF and MWD patterns. For region 1,
in Fig. 12, regression patterns with 500 hPa geopotential height are reminis-
cent of pressure anomalies associated with the SAM and indicate that a high
occurrence of dry spells (moderate wet days) tends to coincide with negative
(positive) SAM phases. This is consistent with what is known about SAM im-
pacts on southern African rainfall. The southward shift (positive phase) of the
southern hemisphere westerlies is associated with increased precipitation over
the region (Gillett et al., 2006). DSF (MWDF) also has a positive (negative) re-
lationship with geopotential height at 500 hPa over the Botswana High region.
This midtropospheric anticyclone has been shown to influence rainfall over
southern Africa (Driver and Reason, 2017; Blamey et al., 2018). When inten-
sified, subsidence associated the Botswana High inhibits cloud formation and
results in dry conditions over many parts of southern Africa. Conversely, weak
pressure anomalies in the Botswana high are associated with increased uplift
and moisture advection from the SWIO over southern Africa (Driver and Rea-
son, 2017). The relationship with omega at 500 hPa over the southern African
interior is consistent with dry (wet) conditions over region 1 since omega val-
ues are indicative of relative subsidence and uplift. OLR values are indicative
of convection and cloud cover and regressions suggest that trends in the oc-
currence of DSF and MWDF over region 1 are associated with changes in the
occurrence of continental cloud bands over southern Africa.

SST regression patterns display a strong ENSO-like signal in the tropical Pa-
cific. This is consistent with the rainfall anomalies known to be associated with
ENSO since El Nifio (La Nifa) events tend to coincide with below (above) av-
erage rainfall over many parts of southern Africa (Nicholson and Kim, 1997;
Reason and Jagadheesha, 2005). Region 1 DSF (MWDF) indeed is strongly
positively (negatively) correlated with the Nino 3.4 index (Figs. 9c and 9d).
Regressed SST also shows a relationship with SST events in the tropical
SE Atlantic where warm events are associated with decreased DSF within
the region. While these events are associated with rainfall anomalies mainly
over the coast of Angola and Namibia, rainfall anomalies have been shown
to sometimes extend to the interior of southern Africa when convergence be-
tween moist air from the SE Atlantic and Indian Ocean is intensified (Rouault
et al., 2003). The increased occurrence of dry spells (wet days) is also associ-
ated with increased (decreased) westerly moisture flux from the South Atlantic.
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Cool and dry air from the South Atlantic advected over southern Africa leads to
drought conditions over region 1 and may prevent the penetration of easterly
moisture fluxes from the southern Indian Ocean (Reason et al., 2006).

Over region 2, DSF (MWDF) is negatively (positively) associated with pressure
anomalies in the the Mascarene High and MCT region. Both pressure sys-
tems have been shown to influence rainfall variability over southern Africa. A
weaker Mascarene High transports less moisture from the South Indian Ocean
towards southeastern Africa (Morioka et al., 2015; Xulu et al., 2020) whereas
stronger MCT discourages the direct advection of warm moist air to the south-
ern African mainland (Barimalala et al., 2018, 2020). OLR and omega regres-
sions patterns extending from the interior of southern Africa southeastwards
towards the SWIO are reminiscent of the SICZ. Relative uplift and convec-
tive activity occurring over this region are associated with the increased (de-
creased) occurrence of dry spells (wet days). These processes, along with
enhanced easterly moisture flux from the southern Indian Ocean (Fig. 17a),
are consistent with Barimalala et al. (2018) who showed that a weakened MCT
and associated increased moisture flux from the Mascarene High result in a
stronger SICZ and increased rainfall over southern Africa.

Regressed SST plots display a strong SIOD-like signal, suggesting that posi-
tive (negative) SIOD phases tend to be associated with high (low) MWDF and
low (high) DSF over region 2. Indeed, SIOD index has a strong negative (pos-
itive) relationship with DSF (MWD) over region 2 (Figs. 10a and 10b). Positive
SIOD phases have been shown to be associated with above average rainfall
anomalies over many parts of southern Africa (Reason, 2001). Plots showing
correlations with climate indices and regressed SST suggest that the relation-
ship between DSF/MWDF over region 2 and SIOD is stronger than that with
ENSO. Mosase and Ahiablame (2018) found that ENSO did not impact sig-
nificantly on rainfall variability over the Limpopo River Basin, which region 2
forms a part of. Regressions between DSF/MWDF and SST in the eastern
and western Pacific are reminiscent of a weak ENSO Modoki marked by SST
anomalies of the same sign on either side of the Pacific basin (Ashok et al.,
2007). El Nino Modokis have been shown to be associated with below aver-
age rainfall anomalies over parts of southern Africa (Ratnam et al., 2014). The
negative relationship between DSF and SST in the Pacific is consistent with
these observations.
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6 Summary

This study found that two strong gradients in DSF exist over southern Africa
during austral summer. One is diagonal, covering southwestern Angola, Namibia
and western South Africa and the other meridional, lying across 20-24°S.
These gradients were present during ON and MA as well, however, they were
less clearly defined and weaker. Topographic influences were observed over
eastern South Africa, roughly along the windward slopes of the Drakensberg,
the central and northern peaks of the Madagascan highlands, the peaks of the
Chimanimani mountain range and east of the Mulalnje massif, areas that had
relatively higher MWDF and lower DSF.

A preferred region of dry spell occurrence was found lying roughly across 22-
24°S, where more than half of the austral summer season was frequently made
up dry spells. This is the drought corridor which was first described as a pre-
ferred region of high dry spell frequencies, lying across 20-25°S by Usman
and Reason (2004). In this study it was found along a more tightly defined
area. Additionally, a core not present in Usman and Reason (2004) was ob-
served over the LRV where 85-100% of the 38 summers were dry for half
the season. This observation is likely due to the higher resolution of the data
used in this study. During MA, a region analogous to the drought corridor
where seasons are frequently made up of 6 or more dry spells was present
roughly across 18-25°S with a core in the central LRV where 100% of sea-
sons were dry for half the season. These regions are highly susceptible to
multi-year droughts and comparable with the arid and semi-arid western mar-
gins of southern Africa. For this reason they unsuitable for rainfed agriculture.
Intensity-frequency maps of moderate wet day frequencies show that subtrop-
ical southern Africa infrequently had at least 10 wet days during ON and MA
and 20 during DJF. This suggests that rainfall over the region often does not
meet water requirements for agriculture and over-reliance on rainfall for food
production is risky.

During ON increasing trends in DSF and a combination of increasing dry spell
and weak increasing wet day trends over central South Africa, the southern
portion of the diagonal DSF gradient suggest that early summer drying has
taken place. This may affect the planting season of maize if trends persist since
this is typically the onset season. By contrast, decreasing trends in DSF were
found to have taken place roughly over the diagonal gradient over northern
Namibia, western Botswana and central South Africa during DJF. These point
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towards a weakening and westward shift in the gradient that has taken place.
A weakening of part of the meridional gradient has also taken place as is sug-
gested by decreasing (increasing) DSF (MWDF) trends occurring over eastern
Botswana and western Zimbabwe during DJF. Increasing MWDF trends dur-
ing DJF have also taken place over central Angola and central and eastern
South Africa, important agricultural areas within southern Africa. Austral sum-
mer trends suggest that a tendency toward more consistent rainfall has taken
place. If these continue, land use may change over the regions mentioned
above.

Various modes of climate variability were shown to be significantly associated
with DSF and MWDF over southern Africa. ENSO had a positive (negative)
relationship with DSF (MWDF) over southern Africa during all three seasons
however the relationship was most robust during DJF. The SIOD was observed
to have a positive (negative) relationship with DSF (MWDF) over southeastern
Africa whereas SAM was negatively correlated with DSF over South Africa
during austral summer. For region 1, located in the South African part of the
diagonal DSF gradient, regressions suggest that trends in DSF and MWDF
were associated with changes in the Botswana High, SAM, ENSO and SST
in the tropical SE Atlantic during DJF. Trends over region 2, which forms part
of the meridional gradient, were shown to be associated with changes in the
Mascarene High, MCT, SIOD and SST in the eastern and western Pacific.

The analysis of dry spells and moderate wet day frequencies over southern
Africa shows that large parts of southern Africa are not suitable for rainfed
agriculture despite the heavy reliance on rainfall for farming within the region.
Innovative strategies are therefore required to build resilience and recover from
prolonged dry periods. Recent trends point towards early summer drying and
more consistent rainfall during the main rainy season. If trends follow in the
same trajectory, collaboration between stakeholders in the agricultural sector
is required to develop solutions to deal with the challenges associated with
shifts in rainfall patterns.

This study sets a foundation by identifying potential mechanisms for recent
trends but does not directly attribute change to the discussed circulations. Fur-
ther work is required to investigate the spatial and temporal changes in circu-
lation features, weather systems and climate modes associated with change.
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Appendix A1

Seasonal rainfall totals

As seasonal totals are the aggregate of wet and dry events during the sea-
son, seasonal total climatologies and coefficients of seasonal variation in Fig.
A1 provide a background for the analysis of the occurrence of dry spells and
moderate wet days over southern Africa.
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Figure A1: Mean seasonal rainfall totals during a. ON, c. DJF and e. MA and
mean coefficients of variation of seasonal rainfall totals during b. ON, d. DJF
and f. MA averaged over the period 1981/82-2018/19.

Over the southern African mainland, relatively high rainfall values (>250 mm
during ON and MA, >600 mm during DJF) are found mostly over regions
of tropical convergence. These areas include northern Angola-eastern DR
Congo during ON, 6- 19°S during DJF and roughly 6- 15°S during MA, and
roughly correspond to the north-south movement and change in latitudinal
span of the tropical rainbelt outlined by Nicholson (2018). The increase in the
area of high rainfall values from ON through DJF matches the southward shift
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in the position of the rainbelt and the decrease during MA, the slight northward
movement and decrease in the width of rainbelt.

An east-west gradient in seasonal rainfall totals is apparent during all three
seasons. Minimum values (<50 mm during ON and MA, <100 mm during
DJF) are observed over the arid and semi arid western margins of the south-
ern Africa. The topographic influence of the Drakensberg mountain range is
observed over eastern South Africa where rainfall values are relatively higher
through all the seasons. A unique feature of the climatologies shown in Fig.
A1 over subtropical southern Africa during ON and MA is the expansion of the
region low seasonal totals (0-100 mm) in the western region eastward towards
Mozambique. This feature is present roughly across 20-24°S and 18-24°S, re-
spectively. During DJF, relatively low values (100-200 mm) are observed over
central Botswana and the central LRV.

Maps of the coefficient of variation (CV) of mean seasonal southern African
rainfall are shown in Figs. A1b, d and f. Higher CV values are indicative of
greater interannual rainfall variability. Generally, the tropical regions of higher
seasonal rainfall outlined above correspond to regions of low CV values (<0.2).
During ON, the region of low variability is contrasted by that of high CVs ob-
served over Tanzania, Malawi and northern Mozambique, where values ex-
ceed 0.5. Subtropical western and central southern Africa also experience
considerable rainfall variability (>0.4). During DJF, higher values (>0.4) are
found along western southern Africa and across 20-24°S, with relative maxi-
mums in the LRB. The latter region is found lying across 20-22°S in Botswana,
Zimbabwe and Mozambique during MA.
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Figure A2: Correlation coefficients between the SIOD index and dry spell fre-
qguencies during a. ON, c. DJF and e. MA, and with moderate wet day frequen-
cies during b. ON , d. DJF and f. MA. Hatching denotes areas of significant
correlations (95% confidence level) calculated over the period 1981/1982 —
2018/2019.
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Figure A3: Correlation coefficients between the SAM index and dry spell fre-
quencies during a. ON, c. DJF and e. MA, and with moderate wet day frequen-
cies during b. ON , d. DJF and f. MA. Hatching denotes areas of significant
correlations (95% confidence level) calculated over the period 1981/1982 —
2018/2019.
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Figure A4: Trends in light wet days (2-9 mm) during ON. Hatching de-
notes areas of significant trends (5% level) calculated over the period
1981/1982—2018/2019.
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Figure A5: Correlation coefficients between the Nifo 3.4 index and seasonal
rainfall totals during DJF Hatching denotes areas of significant trends (5%
level) calculated over the period 1981/1982—2018/2019.
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