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Abstract
The El Niño Southern Oscillation (ENSO) is a major driver of southern Africa drought, but the nonlinearity of ENSO 
variation inhibits accurate drought prediction. While studies have identified multiple sea surface temperature (SST) pat-
terns associated with ENSO, most drought predictions over southern Africa are still based on only two patterns. This study 
examines the relationship between southern Africa droughts and eight ENSO SST patterns using SPEEDY. The capability 
of SPEEDY in reproducing southern Africa climate was evaluated by comparing historical simulations (1979–2008) with 
observation. To understand the influence of ENSO SST patterns on southern Africa drought, multi-ensemble simulations 
were forced with SSTs of each pattern, and the impacts on the Standardized Precipitation Evapotranspiration Index (SPEI) 
and the associated atmospheric dynamics were analysed. The results show that SPEEDY generally captures the temporal and 
spatial distribution of climate variables over southern Africa well, although with a warm and wet bias. However, the results 
are comparable with those from more complex atmospheric models. In agreement with previous studies, the results show 
that El Niño (La Niña) conditions weaken (strengthen) the Walker circulation, causing drier (wetter) conditions over parts 
of southern Africa. However, the results show that differences in the El Niño conditions alter the moisture flux circulation 
over southern Africa, thereby influencing the spatial pattern and intensity of drought over the region. The same is true of 
the La Niña conditions. Hence, this study shows that accounting for the differences in El Niño (or La Niña) conditions may 
improve drought predictions in southern Africa.
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1 Introduction

In southern Africa, the El Niño Southern Oscillation 
(ENSO) is generally considered to be the dominant mode 
of interannual climate variability with the greatest impact 
on summer rainfall, often resulting in drought (Nicholson 

and Entekhabi 1987; Lindesay 1988; Nicholson and Kim 
1997; Reason et al. 2000; Cook 2001; Reason and Jagad-
heesha 2005). ENSO is an ocean–atmosphere phenomenon 
that consists of large-scale warming (El Niño) or cooling 
(La Niña) of the equatorial Pacific sea surface temperatures 
(SST). These SST anomalies affect the lower tropospheric 
pressure fields, alter the Walker circulation, and influence 
moisture transport and precipitation globally (Larkin and 
Harrison 2005; Kao and Yu 2009; Chretien et al. 2015; Hoell 
et al. 2015). Although the influence of ENSO on southern 
Africa climate has been well documented, the impacts are 
highly variable as SST anomalies in the tropical Pacific 
Ocean can vary considerably between ENSO events. These 
anomalies are compounded by different modes of variabil-
ity within the Indian Ocean (e.g. Indian Ocean Dipole and 
Subtropical Indian Ocean Dipole) and Atlantic Ocean (e.g. 
Benguela Niño), which have also been shown to modulate 
regional circulation and rainfall over southern Africa (Shan-
non et al. 1986; Goddard and Graham 1999; Saji et al. 1999; 
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Behera and Yamagata 2001; Reason 2001; Rouault et al. 
2003). In order to better understand the nonlinear impacts 
of ENSO on southern Africa climate, this study will inves-
tigate the relationship between eight global ENSO SST pat-
terns (described by Johnson 2013 and Hoell et al. 2015) and 
southern Africa drought.

Drought is one of the most devastating natural hazards 
with severe impacts on the socio-economic sector, espe-
cially when the population depends on rain-fed agriculture. 
Drought usually results in crop failures and livestock death 
which can lead to food shortages, economic loss, and high 
inflation rates (Wilhite 2000; Calow et al. 2010; Hayes et al. 
2012). A long-term hydrological drought can also cause 
water scarcity, thereby inducing widespread waterborne dis-
eases because of reliance on unsafe water sources. In addi-
tion, drought is a threat to water management, power avail-
ability, and ecosystem health (Wilhite 2000; Calow et al. 
2010; Davis-Reddy and Vincent 2017). Southern Africa is 
especially susceptible to widespread drought because of its 
semi-arid climate, high rainfall variability, and the complex 
topography of the sub-continent (Mason and Joubert 1997; 
Goddard and Graham 1999; Yuan et al. 2014). For exam-
ple, in 1991/1992, an extensive drought severely affected 
over 90% of inland dams due to a significant drop in the 
summer rainfall. This resulted in the destruction of many 
crops and outbreaks of cholera and dysentery affecting the 
population (Meque and Abiodun 2015; Ujeneza and Abi-
odun 2015). Rouault and Richard (2005) investigated the 
spatio-temporal characteristics of drought throughout the 
twentieth century in southern Africa and found that over 
66% of severe droughts could be attributed to ENSO. It has 
also been observed that the influence of ENSO on southern 
Africa climate has strengthened since the 1970s (Rouault 
and Richard 2005) and there is concern that the intensity 
and severity of southern Africa droughts may increase in 
the future due to ongoing global warming (Shongwe et al. 
2009). Therefore, there is a need for more studies to inves-
tigate the relationship between southern Africa droughts 
and ENSO teleconnections in an effort to improve drought 
predictions and reduce drought impacts on human activities 
in the region.

Most studies agree that El Niño (La Niña) typically 
reduces (intensifies) precipitation over the southeastern 
region of Africa, resulting in dry (wet) conditions, while 
increasing (decreasing) precipitation over the northeastern 
tropical region (Tyson and Preston-Whyte 2000; Ashok 
et al. 2007; Davis 2011; Hoell et al. 2015; Yuan et al. 2014; 
Meque and Abiodun 2015). These precipitation anoma-
lies can be attributed to changes in various synoptic-scale 
atmospheric features, such as the Angola low (Reason and 
Jagadheesha 2005), Walker Circulation (Lindesay 1988), 
tropical cyclones (Ash and Matyas 2012), South Indian 
Convergence Zone (SICZ) and tropical temperate troughs 

(TTT; Cook 2000, 2001; Meque and Abiodun 2015). Never-
theless, many studies identify that the relationship between 
ENSO and southern Africa rainfall is nonlinear (Tyson and 
Preston-Whyte 2000; Reason and Jagadheesha 2005; Fau-
chereau et al. 2009; Yuan et al. 2014). There is high variabil-
ity in the spatial extent, timing and intensity of the impacts. 
For example, the strong El Niño event of 1997, which had 
notable impacts around the globe, had little to no impacts 
on rainfall in southern Africa (Tyson and Preston-Whyte 
2000; Hoell et al. 2017). This nonlinear relationship can 
be explained by internal variability of ENSO SST anoma-
lies within the Pacific Ocean, creating different patterns or 
‘flavours’ (Kao and Yu 2009). The need to understand the 
influence of different ENSO patterns on regional climate led 
Johnson (2013) to identify eight ENSO SST patterns over 
the Pacific Ocean (i.e. four El Niño conditions and four La 
Niña conditions). In addition, some studies have highlighted 
the role of the other ocean basins and modes of variabil-
ity in southern Africa climate (e.g. Goddard and Graham 
1999; Behera and Yamagata 2001; Reason 2001; Rouault 
et al. 2003). For instance, Reason and Jagadheesha (2005) 
attribute the lack of response to the 1997 strong El Niño, to 
a positive IOD and warm SST off the west coast of southern 
Africa. Therefore, to further the work of Johnson (2013), 
Hoell et al. (2015) examined the influence of each ENSO 
pattern on tropical SST in the Atlantic Ocean and Indian 
Ocean, global atmospheric circulation, and southern Africa 
precipitation during the period 1950–2010. The study clearly 
showed that the four El Niño conditions produce different 
rainfall patterns over southern Africa; and the same is true 
for the four La Niña conditions.

While Hoell et al. (2015) focus their study on precipita-
tion anomalies, the main factor when considering drought, 
studies have shown that other climate variables (e.g. tem-
perature, wind, relative humidity, precipitation duration, 
intensity and onset) can also influence the frequency and 
severity of drought (Mishra and Singh 2010; Vicente-Ser-
rano et al. 2010; Trambauer et al. 2014). Temperature can 
be particularly influential to drought severity as it plays a 
crucial role in atmospheric evaporative demand. Addition-
ally, studies (e.g. Meque and Abiodun 2015; Ujeneza and 
Abiodun 2015; Manatsa et al. 2017) have shown that ENSO 
influences both precipitation and temperature over southern 
Africa. Meque and Abiodun (2015) even found that ENSO 
has a higher correlation with temperature than with rain-
fall over the subtropical part of southern Africa. Hence, the 
use of only precipitation could underestimate the impact of 
ENSO patterns on droughts over southern Africa. To address 
this, the present study intends to investigate the link between 
ENSO SST patterns and southern Africa drought by using 
the Standardized Precipitation Evapotranspiration Index 
(SPEI) to quantify drought. SPEI, which is based on the 
climate water balance, accounts for the influence of both 
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precipitation and potential evapotranspiration in drought 
quantifications (Vicente-Serrano et al. 2010; Meque and 
Abiodun 2015; Ujeneza and Abiodun 2015; Manatsa et al. 
2017; Abiodun et al. 2019).

This study aims to build on the observational evidence 
presented by Hoell et al. (2015) by using an ensemble mod-
elling framework. This will enable a more robust result by 
creating multiple instances of each ENSO pattern, which 
observation data does not provide as the number of events 
for each ENSO pattern is small. Such simulations will 
improve the distinction between the forced and internal vari-
ability, and at the same time reduce the uncertainty of the 
signal (Bracco et al. 2004; Kucharski et al. 2013a). Studies 
generally approach ensemble simulations one of two ways: 
either they use a multi-model approach (e.g. Dieppois et al. 
2015; Meque and Abiodun 2015) or they perform multiple 
simulations using the same model with slight perturbations 
in the initial conditions (e.g. Dogar et al. 2017). Unfortu-
nately, complex AGCMs are usually computationally expen-
sive and have limited availability. To perform such multi-
ensemble simulations would require massive computational 
resources that are not available to many institutions in devel-
oping countries like South Africa. Using a simple AGCM 
(like SPEEDY) for such sensitivity experiments is a good 
alternative. That is the approach used in the present study. 
SPEEDY (Simplified Parameterizations, primitivE-Equation 
DYnamics) is a model of intermediate complexity that simu-
lates global atmospheric circulation well (see Molteni 2003; 
Kucharski et al. 2006). SPEEDY has been successfully used 
to simulate large-scale features like the Indian and African 
monsoon (e.g. Bracco et al. 2007; Kucharski et al. 2009, 
2011; Feudale and Kucharski 2013), East Africa rainfall 
variability (e.g. Bahaga et al. 2015) and ENSO studies (e.g. 
Yadav et al. 2010; Bulić and Kucharski 2012; Dogar et al. 
2017). However, the capability of SPEEDY in simulating 
southern Africa rainfall has not been tested, and that is a 
focus in the present study. Previous studies (e.g. Zeng et al. 
1999; Wang and Eltahir 2000a, b; Zeng and Yoon 2009; 
Kucharski et al. 2013b) have also identified that climate vari-
ability can also be enhanced by vegetation interactions (e.g. 
evapotranspiration, albedo, roughness and leaf area index) 
which modify the atmospheric energy and water balance. 
While many studies have shown vegetation feedbacks to be 
important in the Sahel region (e.g. Zeng et al. 1999; Wang 
and Eltahir 2000a, b; Kucharski et al. 2013b), their role 
is unclear in southern Africa climate. Naik and Abiodun 
(2016) have shown that the southern Africa climate is sen-
sitive to vegetation feedbacks, however Nicholson (2000) 
disagrees, stating that land–atmosphere feedbacks are not 
present in the subcontinent. Therefore, this study will also 
assess the influence of coupling SPEEDY with a dynamic 
vegetation model.

Hence, the aim of this study is to examine the relation-
ship between southern Africa droughts and patterns of 
ENSO using SPEEDY. The study evaluates the capability of 
SPEEDY in simulating the southern Africa climate and then 
applies the model to perform a series of sensitivity simula-
tions with different global SST patterns to investigate the 
link between southern Africa droughts and ENSO patterns. 
The paper is structured as follows. Section 2 describes the 
data and model used in the study as well as the experiment 
design. Section 3 presents the results and Sect. 4 gives a 
summary and discussion.

2  Data and methodology

2.1  Model description

The model used in this study is the ICTPAGCM (version 
41.5), known as SPEEDY (Simplified Parameterizations, 
primitivE-Equation DYnamics), developed at the Abdus 
Salam International Center for Theoretical Physics (ICTP) 
(see Molteni 2003; Kucharski et al. 2006). It is an inter-
mediate complexity model based on a hydrostatic spectral 
dynamical core (see Held and Suarez 1994) and uses the 
vorticity-divergence form described by Bourke (1974). It 
has several simplified physical parameterization schemes 
including convection, large-scale condensation, vertical dif-
fusion, short and longwave radiation and surface fluxes of 
momentum, heat and moisture. SPEEDY uses a mass flux 
scheme to represent convection processes, which is activated 
by the presence of conditional instability, and boundary layer 
fluxes are determined by stability-dependent bulk formulae. 
Additionally, SPEEDY is coupled with a simple one-layer 
thermodynamic model to determine land and ice tempera-
ture anomalies. Despite the simplified parameterizations, 
SPEEDY has reasonable performance and has been suc-
cessfully implemented in a wide variety of climate research, 
including ENSO studies (e.g. Yadav et al. 2010; Bulić and 
Kucharski 2012; Dogar et al. 2017). Its computational effi-
ciency and flexibility make it an ideal tool for this study. 
A more detailed description of SPEEDY is provided by 
Molteni (2003) and Kucharski et al. (2006) and information 
about the model versions, performance, users and access can 
be found at http://users .ictp.it/~kucha rsk/speed y-net.html.

2.2  Data

SPEEDY simulations were conducted at T63 spectral trun-
cation resolution (~ 1.875° × 1.875°) with 8 vertical levels, 
using monthly mean climatological SST data derived from 
ERA-Interim over the period 1979–2008 and observed SST 
anomalies from the Met Office Hadley Centre (HadISST). 
Studies (e.g. Zeng et al. 1999; Kucharski et al. 2013b; Li 
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et al. 2018) have shown that vegetation dynamics (e.g. evap-
otranspiration, albedo, roughness and leaf area index) can 
influence the climate by modifying the atmospheric energy 
and water balance. Therefore, it is important to incorporate 
vegetation feedbacks to enable two-way vegetation-climate 
interactions. This study coupled SPEEDY with two differ-
ent land-surface schemes: a dynamic vegetation scheme 
(SPEEDY-DV) and a non-dynamic vegetation scheme 
(SPEEDY-NDV). The SPEEDY-DV simulations coupled 
SPEEDY with the dynamic vegetation model VEGAS (Veg-
etation–Global–Atmosphere–Soil) which enabled fully inter-
active vegetation. VEGAS simulates the dynamics of veg-
etation growth and competition among four plant functional 
types (broadleaf tree, needleleaf tree, cold grass and warm 
grass) with different photosynthetic pathways (Kucharski 
et al. 2013b; Li et al. 2018). The SPEEDY-NDV simula-
tions prescribed climatological vegetation cover and only 
coupled SPEEDY with land temperature and soil moisture 
changes. An extended force-restore type approach is used to 
determine sea-ice temperatures in the coupled ice model in 
SPEEDY. However, SPEEDY is not coupled with the slab 
ocean model as SST anomalies are prescribed in the experi-
mental design.

Observed and simulated monthly climate data were used 
to evaluate the performance of the SPEEDY simulations. 
The observed data used in this study is from the Climate 
Research Unit (CRU). It consists of monthly climate esti-
mates which have been re-gridded to a 0.5° × 0.5° spatial res-
olution. Monthly climate data from the National Center for 
Atmospheric Research (NCAR) Community Atmospheric 
Model version 5 (CAM5, spatial resolution ~ 1° × 1°) and the 
UK Met Office Hadley Centre Global Environment Model 
version 3 (HadGEM3, spatial resolution ~ 0.556° × 0.833°) 
were also included in the model evaluation. The CAM5 (see 
Angélil et al. 2017; Stone et al. 2018) and HadGEM3 (see 
Christidis et al. 2013; Ciavarella et al. 2018) simulations 
are from the Climate of the 20th Century Plus Detection 
and Attribution project (C20C + D&A) undertaken by the 
World Climate Research Program’s CLIVAR. These his-
torical ensemble simulations (“All-Hist”) are CMIP5-style 
simulations forced with prescribed radiative forcing, SSTs 
and sea ice conditions (see Stone et al. 2019 for detailed 
experimental design). For consistency, all simulated data 
(SPEEDY, CAM5 and HadGEM3) was re-gridded to the 
same resolution as CRU (0.5° × 0.5°) and only one ensemble 
member was used from CAM5 and HadGEM3.

2.3  Model evaluation

The capability of SPEEDY in simulating the climate of 
southern Africa (5°E–52°E; 0°S–40°S) was evaluated over 
a historical period of 30 years (1979–2008). Through-
out the model evaluation, we compared the SPEEDY 

simulations (SPEEDY-DV and SPEEDY-NDV) with esti-
mates of observed conditions from CRU using statistical 
analysis. The inclusion of CAM5 and HadGEM3 served 
as a benchmark to compare the error of SPEEDY with 
the error of more complex GCMs with higher resolution. 
Analysis of the seasonal and spatial climate variability was 
done to evaluate the performance of SPEEDY over three 
distinct areas—tropical (30°E–40°E; 0.5°S–8°S), subtropi-
cal (25°E–33°E; 18°S–26°S) and semi-arid (15°E–23°E; 
22°S–30°S) (Fig. 1). This study focused on the austral 
summer season (December–February, DJF) as this is the 
main rainy season for the majority of southern Africa 
(Tyson and Preston-Whyte 2000; Davis 2011). The cli-
mate variables which were analysed include temperature 
(mean, maximum and minimum), precipitation, potential 
evapotranspiration (PET) and the climate moisture bal-
ance (CMB). CMB is a measure of the atmospheric water 
budget by considering the difference between supply (e.g. 
precipitation) and demand (e.g. PET), taking into account 
the influence of many variables, including precipitation 
and temperature. There are various formulations to cal-
culate PET, including Thornthwaite (based on mean tem-
perature), Hargreaves (based on minimum and maximum 
temperature), and Penman–Monteith (based on air temper-
ature, solar radiation, relative humidity and wind speed) 
methods. In this paper PET will be calculated using the 
Hargreaves method as it is a less data-intensive approach, 
but still provides reliable evapotranspiration estimates, 
including in semi-arid regions such as southern Africa 
(Hargreaves and Allen 2003).

Various drought indices have been developed to quantify 
drought characteristics (such as duration, spatial extent and 
intensity), which are useful for monitoring and management 
of drought (Mishra and Singh 2010; Vicente-Serrano et al. 
2010; Hayes et al. 2012). SPEI combines the strengths of the 
Palmer Drought Severity Index and the Standardized Pre-
cipitation Index, showing sensitivity to evaporative demand 
as well as multi-temporal capabilities (Meque and Abiodun 
2015; Ujeneza and Abiodun 2015). Therefore, SPEI is used 
in this study to identify meteorological drought (3-month 
timescale). SPEI is obtained by fitting a three parameter 
probability distribution to the CMB from which the stand-
ardized deviation of a period is measured against the long 
term mean (see Vicente-Serrano et al. 2010 for detailed 
equations). This provides an indication of the intensity of 
dryness ranging from ≤ − 2 for extreme drought to ≥ 2 for 
extreme wet conditions. SPEI was computed at a 3-month 
scale over southern Africa using the SPEI library available 
in R software (Beguería and Vicente-Serrano 2013). A log-
logistic probability distribution was used, as recommended 
by Vicente-Serrano et al. (2010), using unbiased Probability 
Weighted Moments for parameter fitting as suggested by 
Beguería et al. (2014).
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In order to determine if SPEEDY could capture the fun-
damental influence of ENSO on summer climate in southern 
Africa, the temporal correlation was calculated between var-
ious climate variables (SPEI, precipitation and PET) and the 
Niño 3.4 index (available from ESRL/NOAA). The Niño 3.4 
index is based on monthly averages of SST anomalies across 
the tropical Pacific Ocean (5°N–5°S; 170°W–120°W), 
where positive values indicate warm El Niño phases and 
negative values indicate cool La Niña phases.

2.4  Experimental design and methods

This study used eight ENSO SST patterns previously identi-
fied by Johnson (2013) and Hoell et al. (2015) through self-
organizing map analysis (Fig. 2). They consist of four El 
Niño conditions (EN1–EN4) and four La Niña conditions 
(LN1–LN4) which are statistically distinct in terms of the 
magnitude and position of the associated SST anomalies in 
the tropical Pacific Ocean. Johnson (2013) also identified the 
years in which each ENSO pattern occurred for the period 
1950–2011. The global SST composites for each ENSO 
pattern were created by averaging the HadISST data for the 
years in which that pattern occurred (as identified by John-
son 2013). There are some notable differences between the 
ENSO SST patterns which are discussed in detail in Hoell 

et al. (2015). The El Niño SST patterns (EN1–EN4) show a 
significant warm anomaly in the tropical Pacific Ocean, with 
increasing size and intensity from EN1 to EN4. The warm 
SST anomaly has a more central position during EN1, EN2 
and EN3, characteristic of Central Pacific ENSO (also known 
as ‘dateline ENSO’, ‘warm pool ENSO’ or ‘ENSO Modoki’), 
whereas EN4 is characteristic of Eastern Pacific ENSO (also 
known as ‘canonical ENSO’) with the warm anomaly extend-
ing across the eastern Pacific Ocean (Hoell et al. 2015). The 
western Pacific Ocean is characterized by significant cool 
SST anomalies during EN1, EN3 and EN4. EN1 also features 
cool SST anomalies in the Indian Ocean and tropical Atlantic 
Ocean, whilst EN3 and EN4 display significant warm SST 
anomalies in these ocean basins. The warm Indian Ocean SST 
anomalies in EN4 are characteristic of a positive Indian Ocean 
dipole. EN2 shows minimal SST anomalies in the Atlantic 
Ocean, Indian Ocean and western Pacific Ocean (Hoell et al. 
2015). The La Niña SST patterns (LN1–LN4) are character-
ized by significant cool SST anomalies across the central and 
eastern Pacific Ocean, with decreasing size from LN1 to LN4. 
LN1 and LN2 are classified as Eastern Pacific ENSO events, 
while LN3 and LN4 are classified as Central Pacific ENSO 
events (Hoell et al. 2015). Significant warm SST anomalies are 
present in the western Pacific Ocean, tropical Atlantic Ocean 
as well as parts of the Indian Ocean during LN3 and LN4, 

Fig. 1  The study domain showing southern African topography and the selected three areas for model evaluation. The designated areas are semi-
arid (SD), subtropical (ST) and tropical (TP)
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with LN3 featuring a significant negative Indian Ocean Dipole. 
In contrast, LN1 and LN2 feature cool SST anomalies across 
the Atlantic Ocean, Indian Ocean and western Pacific Ocean, 
except for the western Pacific Ocean in LN1 which shows no 
significant SST anomalies.

In this study, eight sensitivity experiments were con-
ducted—one for each ENSO SST pattern. In each case, 
SPEEDY was forced with the composite global SST anoma-
lies associated with that pattern. Each experiment consisted 
of a 50-member ensemble with perturbations in the start 
date. We simulated an 18-month period (July to the following 
December) for each ensemble member whereby the ENSO 
anomaly occurred during the interim DJF period, which was 
the focus of our analysis. Through the evaluation it was seen 
that the simulation with the non-dynamic vegetation scheme 
performed better over southern Africa and was therefore used 
in these sensitivity experiments. In order to investigate the link 
between southern Africa drought and the ENSO patterns, SPEI 
and the atmospheric dynamics were analysed. This analysis 
included anomalies in velocity potential, eddy stream func-
tion, horizontal winds and integrated moisture flux with sta-
tistical significance determined through a Student t test (99th 
percentile).

3  Results and discussion

3.1  Model evaluation

In general, SPEEDY captures the annual cycle of the 
southern Africa climate well (Fig. 3). As in CRU obser-
vation, the model simulates a warm wet summer season 
(December, January and February) and a cold dry win-
ter season (June, July, August). This is characteristic of 
the three selected areas, although the simulated annual 
cycle is about 1 month earlier than observed, as evident 
in temperature (Fig. 3a, b, d, e) and precipitation (Fig. 3j, 
k, l) cycles. In the tropical (TP) area, SPEEDY credibly 
simulates observed temperatures, which show low annual 
variability, as well as a bimodal rainfall pattern, which 
is driven by the seasonal movement of the Intertropical 
Convergence Zone (ITCZ) that controls the seasonal rain-
fall over most parts of southern Africa. In agreement with 
CRU, SPEEDY shows that the tropical area experiences its 
first rainy season in September to November (during the 
southward progression of the ITCZ) and its second rainy 
season in February to April (during the northward retreat 

Fig. 2  Composite SST anomalies (°C) for El Niño (EN1–EN4) and La Niña (LN1–LN4) conditions during austral summer 1950–2010. Stip-
pling indicates anomalies significant at p < 0.05 (source: Hoell et al. 2015)
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Fig. 3  The annual cycle of temperature (mean, max and min), precip-
itation (prec), potential evapotranspiration (PET) and climate mois-
ture balance (CMB) over the three selected areas: semi-arid (SD), 
subtropical (ST) and tropical (TP) in southern Africa (1979–2008), 

as observed by CRU and simulated by SPEEDY (dynamic and non-
dynamic vegetation versions: SPEEDY_DV and SPEEDY_NDV) and 
other more complex GCMs (HadGEM3 and CAM5)
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of ITCZ). The model also reproduces the low precipitation 
over the semi-arid area (relative to the other two areas), 
caused by a lack of moisture in the atmosphere due to the 
nearby cold Benguela current and dry continental winds.

Nevertheless, there are some noticeable biases in the 
seasonal cycle produced by SPEEDY. Generally, the model 
produces a warm and wet bias across the region (Fig. 3). In 
the subtropical and semi-arid areas, the warm bias varies 
throughout the year (Fig. 3b, c, e, f, h, i), typically show-
ing the least bias in the summer months (~ 0–2 °C) and the 
highest bias in the winter months (~ 3–5 °C). On the other 
hand, SPEEDY simulates minimal temperature bias in the 
tropical area (Fig. 3a, d, g). In terms of precipitation, the 
subtropical area shows maximum precipitation bias during 
spring (~ 100 mm/month; Fig. 3k), whilst the semi-arid area 
shows precipitation bias throughout the year (30–100 mm/
month; Fig. 3l), reaching a maximum in the summer (DJF). 
However, the tropical area shows the biggest precipitation 
bias, particularly during the two rainy seasons (Septem-
ber–November and February–March) for which SPEEDY 
simulates more than double that of CRU observed precipita-
tion (100–180 mm/month; Fig. 3j). SPEEDY simulates PET 
relatively well in both the subtropical and semi-arid areas, 
showing notably less error than the CAM5 and HadGEM3 
simulations. Nevertheless, in the tropical area SPEEDY 
underestimates PET, but this is not dissimilar to the more 
complex models. The simulated SPEEDY CMB reflects the 
above analysis by a shift in the climatology of 1 month and 
overestimation of the CMB due to high simulated values 
of precipitation. However, these results are similar if not 
better than the complex models (CAM5 and HadGEM3) in 
the subtropical and semi-arid areas during the summer. The 
biases in SPEEDY simulations could be due to the coarse 
resolution, simplified parameterization schemes or increased 
sensitivity to orographic features. However, the error is com-
parable to more complex models and when considering the 
computational efficiency and flexibility of SPEEDY, it has 
reasonable performance.

The performance of SPEEDY depends upon the vegeta-
tion scheme used. While the simulation with dynamic vegeta-
tion (SPEEDY-DV) and the one without dynamic vegetation 
(SPEEDY-NDV) show similar performance across the three 
selected areas, SPEEDY-NDV performs better than SPEEDY-
DV in most instances, especially in the tropical and subtropi-
cal areas (Fig. 3). For instance, SPEEDY-NDV shows less 
bias than SPEEDY-DV in simulating summer precipitation 
in the tropical area (~ 50 mm/month; Fig. 3j), summer and 
autumn temperatures in the subtropical area (1 °C; Fig. 3e), 
and winter temperatures in the semi-arid area (1 °C; Fig. 3f, i). 
However, SPEEDY-DV does feature a better performance than 

SPEEDY-NDV in reproducing maximum temperature in the 
tropical area (1 °C; Fig. 3d). Overall, SPEEDY performs better 
without the dynamic vegetation scheme. This implies that the 
implementation of dynamic vegetation in SPEEDY does not 
improve the performance of the model in southern Africa. This 
contradicts theory which implies that the dynamic vegetation 
scheme should perform better than static vegetation (Strengers 
et al. 2010; Li et al. 2018), as the southern Africa climate is 
sensitive to changes in vegetation (Naik and Abiodun 2016).

SPEEDY captures the interannual variability of sum-
mer SPEI with varied capability across regions in southern 
Africa (Fig. 4). The model features its worst performance 
in the tropical area with correlation as low as 0.1 and 0.2 
(SPEEDY-DV and SPEEDY-NDV, respectively) and a low 
normalized standard deviation of ~ 0.63 (for both SPEEDY-
DV and SPEEDY-NDV). The performance is notably better 
in the subtropical area with correlation ranging between 0.2 
and 0.4. SPEEDY manages to capture most of the variation 
with high normalized standard deviation (SPEEDY-DV = ~ 0.9 
and SPEEDY-NDV = ~ 1.05). SPEEDY has average perfor-
mance in the semi-arid area with correlation between 0.1 and 
0.3 for SPEEDY-DV and SPEEDY-NDV, respectively. It has 
less variability than CRU observation, with normalized stand-
ard deviations of ~ 0.85 and ~ 0.9. Overall the correlations are 
low, but the results, particularly the SPEEDY-NDV simula-
tion, are comparable to the more complex models, CAM5 and 
HadGEM3.

SPEEDY generally captures the observed impact of tropical 
Pacific ENSO SST anomalies on southern Africa climate. As 
Fig. 5 shows, a positive (negative) Niño 3.4 Index is associ-
ated with negative (positive) SPEI, low (high) precipitation 
and high (low) evapotranspiration, which is characteristic of 
El Niño (La Niña) and drought (heavy rainfall) in the region. 
SPEEDY manages to simulate a reasonable representation of 
this relationship (r = 0.2–0.5), nevertheless, there are some 
biases. These biases are particularly noticeable in the equato-
rial region and typically consist of a weaker and sometimes 
opposite correlation being simulated across all three variables 
(SPEI, PREC and PET). However, the more complex mod-
els, CAM5 and HadGEM3, show similar biases and are even 
bigger in some cases (e.g. CAM5). SPEEDY-NDV generally 
has less bias than SPEEDY-DV, particularly when correlating 
Niño 3.4 and SPEI. This is reflected in the spatial correlation 
where SPEEDY-NDV performs significantly better (r = 0.5 and 
r = − 0.2 respectively). SPEEDY-NDV also has better correla-
tion than CAM5, however falls short when compared to the 
more complex HadGEM3 model.

Further model evaluation is available in supplementary 
material.
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3.2  Sensitivity experiments

3.2.1  Drought and atmospheric dynamics associated 
with El Niño conditions

The spatial pattern and intensity of SPEI drought varies 
between the El Niño conditions (Fig. 6). EN1 and EN2 
(Fig. 6a, b) show SPEI drought in the equatorial area, with 
significant values (99th percentile) over Angola and Tanza-
nia. This contradicts some previous studies (Tyson and Pres-
ton-Whyte 2000; Cook 2001; Hoell et al. 2015) that attrib-
uted El Niño conditions with a wet anomaly in the eastern 
equatorial region. On the other hand, EN3 and EN4 (Fig. 6c, 
d) show significant SPEI drought condition along the south 
west of the region, as well as increased drought across cen-
tral Mozambique and Madagascar. All the El Niño SST con-
ditions show a similar positive SPEI across Botswana and 
north eastern South Africa, however, these wet conditions 
are not seen in the results of Hoell et al. (2015), except in 
EN1. This discrepancy may be a result of the precipitation 
bias in the SPEEDY simulation, as shown in Fig. 3.

The ensemble spreads of the different El Niño conditions 
have similar distributions, however there are some notable 

differences across the different areas (Fig. 6). In the tropical 
area there is relatively strong agreement within the ensemble 
spread, where at least 75% of the ensembles have a nega-
tive SPEI for EN1, EN2 and EN3 (Fig. 6). However, this 
contradicts the literature (Tyson and Preston-Whyte 2000; 
Hoell et al. 2015) that shows a wet anomaly in this area dur-
ing El Niño phases. This is also seen in CRU observation 
which typically shows positive SPEI values. Despite this, 
CRU observation generally falls within the upper quartile 
of the ensemble spread. The signal of EN4 in the tropical 
area remains uncertain. In the subtropical area, most of the 
ensembles (> 50%) have a positive SPEI for EN1, EN2 and 
EN3, which is unexpected as drought typically occurs in 
this area during El Niño phases (Tyson and Preston-Whyte 
2000; Hoell et al. 2015). As previously mentioned, this is 
likely due to the SPEEDY precipitation bias. CRU observa-
tion highlights this as well, with most of the observed SPEI 
falling within the lower two quartiles and below. However, 
this is not the case for EN1 which only shows positive val-
ues for observed SPEI. The semi-arid area shows the big-
gest ensemble spread and the most uncertainty in the signal. 
Only EN4 shows some certainty with 75% of the ensem-
bles below zero. The model simulation for this area also 

Fig. 4  Taylor diagram for 
comparing the observed (CRU) 
and simulated (SPEEDY-DV, 
SPEEDY-NDV, CAM5 and 
HadGEM3) 3-month DJF SPEI 
over southern Africa, the tropi-
cal area (TP), subtropical area 
(ST) and semi-arid area (SD) 
from 1979–2008
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Fig. 5  The spatial distribution of temporal correlation of the Niño 
3.4 Index with 3-month SPEI, precipitation, and PET for the summer 
season (DJF) during the period 1979–2008, as observed by CRU and 
simulated by SPEEDY (dynamic and non-dynamic vegetation ver-

sions: SPEEDY_DV and SPEEDY_NDV) and other more complex 
GCMs (HadGEM3 and CAM5). The contours show the correlation 
bias at intervals of 0.2 and the spatial correlation (r) between the sim-
ulation and observation is indicated in brackets

Fig. 6  a Ensemble mean of the DJF 3-month SPEI for the El Niño 
SST conditions. Stippling indicates values significant at the 99th per-
centile. b Boxplots showing the ensemble spread of the DJF 3-month 
SPEI for the El Niño patterns in the three areas: tropical, subtropical 

and semi-arid. The box represents the interquartile range (first quar-
tile, median and third quartile) and the whiskers represent the extreme 
minimum and maximum values. The black dots indicate the observed 
events for each pattern from CRU data
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has the best agreement with CRU observation, with most of 
the observations falling within the ensemble range. Overall, 
EN2 produces the strongest drought (lowest SPEI) in the 
tropical area, whereas EN4 shows the strongest drought in 
the subtropical and semi-arid areas, although the signal in 
the subtropical area is uncertain.

In order to assess the differences between the ENSO con-
ditions and their associated atmospheric teleconnections, the 
divergent (velocity potential) and rotational (streamfunc-
tion) components of flow, horizontal wind and moisture flux 
anomalies are investigated.

The El Niño conditions show significant changes in 
the upper tropospheric divergent flow (velocity potential, 
Fig. 7). All of the El Niño conditions show a significant 
upper tropospheric divergence anomaly (negative velocity 
potential) over the eastern South Pacific Ocean and South 
America. This negative anomaly extends over the North 

Atlantic Ocean in EN2, EN3 and EN4. The El Niño con-
ditions also show a divergence anomaly over the central 
Pacific Ocean which coincides with deep convection from 
the warm SST anomaly, however, only EN4 is significant in 
this region. In contrast, there is a significant upper tropo-
spheric convergence anomaly (positive velocity potential) 
over the western Pacific Ocean, including Australia and 
the Maritime continent, which coincides with cool SST 
anomaly. This upper tropospheric convergence-divergence 
anomaly pattern across the Pacific Ocean is a clear indi-
cation of a weakening or shift in the Walker Circulation, 
which is expected during El Niño (Tyson and Preston-Whyte 
2000; Reason and Jagadheesha 2005; Ashok et al. 2007; 
Yuan et al. 2014). EN4 has the most significant velocity 
potential anomalies, indicating the most significant weaken-
ing of the Walker Circulation. EN2 and EN3 have similar 
velocity potential anomalies, although not as strong as EN4. 
In EN2, EN3 and EN4, the upper tropospheric convergence 
anomaly also extends over the Indian Ocean (significant in 
EN2 and EN4) and is still significant over southern Africa 
in EN4. This anomalous convergence over the Indian Ocean 
results in a north-eastward shift of the South Indian Ocean 
Convergence Zone (Cook 2001) and tropical temperate 
trough systems (Tyson and Preston-Whyte 2000), contrib-
uting to the dry conditions across southern Africa during El 
Niño. However, the upper tropospheric velocity potential 
anomalies of EN1 are notably different to the other El Niño 
conditions. EN1 has a significant divergence anomaly across 
the Indian Ocean and the eastern coast of Africa. It also 
shows a convergence anomaly in the eastern Pacific Ocean 
(90°W–160°W), which is significant off the coast of North 
America, characteristic of a central Pacific El Niño (Wilson 
et al. 2014).

Figure 8 shows the eddy streamfunction (zonal mean 
removed) for each of the El Niño conditions which empha-
sizes the large-scale stationary wave response. All of the 
El Niño conditions show a pair of anticyclonic anoma-
lies in the upper troposphere over the central and eastern 
Pacific Ocean. This is characteristic of a Gill-Matsuno type 
response which is expected due to the warm SST anomalies 
in the tropical Pacific Ocean associated with El Niño (Cook 
2001; Wilson et al. 2014). This indicates a significant weak-
ening of the cyclonic flow in the eastern Pacific Ocean and 
as such a weakening of the Walker Circulation. The strength 
of the anticyclonic anomaly and weakening of the Walker 
Circulation is proportional to the intensity of the ENSO SST 
anomaly associated with each El Niño condition, with EN4 
showing the most significant anomaly. There is also a sig-
nificant pair of cyclonic anomalies in the upper troposphere 
over the Indian Ocean and Asia, evident in all of the El 
Niño conditions. However, the size and position of these 
cyclonic anomalies varies between the conditions. EN1, 
EN3 and EN4 show the cyclonic anomaly positioned over 

Fig. 7  200 hPa velocity potential (× 106 m2/s) for a DJF climatology 
averaged over the period 1979–2008 and b–e  composite anomalies 
for each of the El Niño conditions. Positive values indicate conver-
gent flow and negative values indicate divergent flow. Stippling indi-
cates DJF velocity potential anomalies significant at the 99th percen-
tile
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the eastern Indian Ocean, whilst EN2 shows the anomaly 
over the western Indian Ocean and tropical region of Africa. 
EN2, EN3 and EN4 show that the pair of cyclonic anoma-
lies also extend across Africa and the Atlantic Ocean. This 
results in anomalous cyclonic flow in the upper troposphere 
over southern Africa, weakening the anticyclonic flow seen 
over the region during austral summer. In contrast, EN1 
significantly strengthens the anticyclonic flow in the upper 
troposphere over southern Africa.

The El Niño SST conditions are associated with signifi-
cant changes in the global wind circulation. All of the El 
Niño conditions show a significant weakening of the Walker 
circulation. This is indicated by westerly anomalies in the 
lower troposphere and easterly anomalies in the upper tropo-
sphere across the tropical Pacific Ocean basin (Fig. 9). This 

response is typical of El Niño and agrees with previous stud-
ies (Tyson and Preston-Whyte 2000; Reason and Jagadhee-
sha 2005; Ashok et al. 2007; Yuan et al. 2014). However, the 
magnitude of this weakening is directly proportional to the 
strength of the warm SST anomaly in the Pacific Ocean, with 
EN1 showing the least and EN4 showing the most significant 
changes. In the upper troposphere, the easterly anomaly in 
the equatorial region lends itself to anticyclonic circulation 
across the Pacific Ocean in both hemispheres. This results in 
the significant strengthening of the subtropical jet stream as 
seen in EN3 and EN4. Over the tropical Indian Ocean, there 
is an easterly anomaly in the lower troposphere (most sig-
nificant in EN1 and EN4), which is a result of diverging air 
over the Maritime Continent from the descending limb of the 
Walker Circulation. This anomaly is strengthened in EN4 by 
the presence of the positive IOD. Over Africa, EN1 is asso-
ciated with a significant upper tropospheric easterly anomaly 
over the equatorial region, which in turn strengthens the 
Tropical Easterly Jet (TEJ). In the lower troposphere, there 
are no significant changes to the circulation over southern 
Africa, however, there is a weak cyclonic anomaly over the 
Mozambique Channel. EN2 is associated with a significant 
easterly anomaly over the equatorial region at 850 hPa and 
a weak anticyclonic anomaly over the west coast of southern 
Africa, which is also seen at 200 hPa. There is also a notable 
anticyclonic anomaly over the south-western Indian Ocean, 
which extends over the eastern part of the continent. In the 
upper troposphere, EN3 and EN4 are associated with west-
erly anomalies across Africa and the Atlantic and Indian 
Oceans, although only significant in EN4. There are no clear 
circulation patterns associated with EN3 in the lower atmos-
phere, however, EN4 shows a weak anticyclonic anomaly 
over the Mozambique Channel.

There are variations in the moisture flux divergence 
over southern Africa associated with each El Niño SST 
condition. Figure 10 shows that the vertically integrated 
moisture flux for the El Niño conditions is characterized 
by a lower tropospheric anticyclonic flow anomaly over 
southern Africa. This results in the typical dry conditions 
associated with El Niño, previously reported by studies 
(Tyson and Preston-Whyte 2000; Ashok et al. 2007; Davis 
2011; Hoell et al. 2015; Yuan et al. 2014). However, the 
location and intensity of the anticyclonic moisture flux 
varies between the El Niño conditions, resulting in the 
variations seen in the drought patterns (Fig. 6). EN1 and 
EN3 show the anticyclonic moisture flow anomaly over 
the central region, whereas EN2 shows stronger anticy-
clonic circulation in a more northerly position and EN4 
shows an elongated circulation in a more south easterly 
position. These anticyclonic moisture flow anomalies 
are associated with divergence (Fig. 10), resulting in dry 
conditions in their respective areas. EN1 shows cyclonic 
moisture flow anomaly over the Mozambique Channel, 

Fig. 8  200 hPa eddy stream function (× 106 m2/s) for a DJF climatol-
ogy averaged over the period 1979–2008 and b–e composite anoma-
lies for each of the El Niño conditions. Positive values indicate clock-
wise rotation and negative values indicate anticlockwise rotation. 
Stippling indicates DJF eddy stream function anomalies significant at 
the 99th percentile
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whilst EN2 shows anticyclonic moisture flow anomaly in 
that region. The two anticyclonic flow anomalies in EN2 
cause significant divergence over Tanzania, resulting in 
severe drought conditions (seen in Fig. 6). They also cause 
an increase in convergence in the central region across 
Zambia, Botswana and Zimbabwe, resulting in widespread 
wet conditions seen in this region during EN2. There is a 
progressive increase in the westerly moisture flow anomaly 
in the southern region throughout the El Niño conditions, 
with EN1 showing the least anomaly and EN4 showing 

the strongest westerly flow anomaly. This is associated 
with a progressive increase in the extent of divergence 
seen across the southern part of the region, as well as a 
gradual increase in the intensity and extent of drought in 
the region (seen in Fig. 6). Unlike the other El Niño condi-
tions, EN4 shows onshore moisture flux from the tropical 
Atlantic Ocean. This converges with the onshore flux from 
the Mozambique channel, resulting in notable convergence 
and wet conditions over Angola and the Congo basin.

Fig. 9  850 hPa and 200 hPa wind vectors (m/s) for DJF climatology averaged over the period 1979–2008 and composite wind vector anomalies 
for each of the El Niño conditions. Shading indicates DJF wind speed anomalies significant at the 99th percentile
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3.2.2  Drought and atmospheric dynamics associated 
with La Niña conditions

The La Niña results show a distinct dipole pattern in SPEI 
drought across southern Africa, although there is variation 

in the spatial pattern and intensity between the La Niña con-
ditions (Fig. 11). Across all the La Niña conditions there 
is a significant positive anomaly in the central/southern 
part of the subcontinent with a negative anomaly stretch-
ing across the tropical region (~ 5–10°S). The positive 

Fig. 10  Vertically integrated moisture flux divergence 
(× 10−6  kg  m−2  s−1) and vertically integrated moisture flux vectors 
(kg m−1 s−1) between 850 hPa to 500 hPa for a DJF climatology aver-

aged over the period 1979–2008 and b–e composite anomalies for 
each of the El Niño conditions. This figure was not screened for sig-
nificance
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anomaly (SPEI > 0.5) is focused over Botswana, Zimba-
bwe and north-eastern South Africa with LN1 showing the 
strongest (SPEI > 1) and most widespread signal including 
the whole of South Africa (Fig. 11a). The other La Niña 
conditions all show a similar positive anomaly, with LN3 
(Fig. 11c) also showing significant positive SPEI along the 
southern coast. LN1 shows the strongest negative anomaly 
in the tropical region with SPEI drought greater than − 1.5 
in parts of Angola. LN2 (Fig. 11b) also shows a signifi-
cant negative anomaly in the tropical region, although not 
as widespread in the central areas. On the other hand, LN3 
and LN4 (Fig. 11c, d) show a weaker (SPEI < − 0.5), but still 
significant negative anomaly in the tropical region. How-
ever, the negative anomaly spreads over the Congo basin and 
down the western coast into South Africa during LN3 and 
LN4. Overall, LN1 shows the strongest dipole pattern whilst 
LN4 shows the weakest signal. The general dipole pattern 
seen in Fig. 11 corresponds with the literature (Tyson and 
Preston-Whyte 2000; Meque and Abiodun 2015; Hoell et al. 
2015), which typically associates La Niña phases with wet 
conditions across most of the sub-region and dry conditions 
in the tropical region.

There is variation in the uncertainty of the drought signal 
across the different areas as shown in the ensemble spread 
of the La Niña conditions (Fig. 11). In the tropical area, 
LN1 and LN2 show a high probability of drought with at 
least 75% of the ensemble giving a negative SPEI value. 
LN2 indicates the most severe drought where approximately 
50% of the ensemble has an SPEI value less than − 1. This 
agrees with studies (Nicholson and Selato 2000; Reason and 

Jagadheesha 2005) which show that dry conditions typically 
develop over the tropical area during La Niña phases. How-
ever, this does not fully agree with the observed CRU events 
which generally show higher SPEI values, mostly within the 
upper two quartiles of the ensemble spread. On the other 
hand, LN3 and LN4 remain uncertain in their signal, as 
the ensemble SPEI values range between 1 and − 1. There 
is a strong probability of wet conditions in the subtropical 
region during the La Niña phase, with more than 75% of the 
ensembles showing positive SPEI anomalies across all La 
Niña conditions. Although it is hard to distinguish this signal 
from the precipitation bias which SPEEDY simulates. How-
ever, this might not be the case as the ensemble spread has 
very good agreement with the observed CRU events. The 
SPEI results in the semi-arid area have the biggest ensemble 
spread and are uncertain. LN1 shows the most definite signal 
of positive SPEI, although it is less than 75% of the ensem-
ble. The semi-arid area also shows the least agreement with 
CRU observation, generally producing SPEI values lower 
than observed.

The La Niña conditions show significant changes in 
the upper tropospheric divergent flow (velocity potential, 
Fig. 12). All of the La Niña conditions show a significant 
upper tropospheric convergence anomaly (positive velocity 
potential) over the central and eastern Pacific Ocean, with 
LN2 showing the weakest anomaly and LN3 showing the 
strongest anomaly. This anomaly strengthens upper tropo-
spheric convergence as a result of strong subsidence asso-
ciated with the underlying cold SST anomalies. There is 
also a significant upper tropospheric divergence anomaly 

Fig. 11  Same as Fig. 6, but for the La Niña conditions
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over the western Pacific Ocean, Australia and the Maritime 
continent, which corresponds with warm SST anomalies 
in the region. This upper tropospheric divergence-con-
vergence anomaly across the Pacific Ocean strengthens 
the austral summer velocity potential pattern and further 
indicates a strengthening of the Walker Circulation. LN3 
shows the most significant strengthening of the Walker 
Circulation. The convergence anomaly over the eastern 
Pacific extends across North America and the North Atlan-
tic Ocean and is strongest in LN3. LN3 and LN4 also show 
the convergence anomaly over South America which is 
significant along the western coast. In contrast, LN1 and 
LN2 show an upper tropospheric divergence anomaly cen-
tred over Brazil. There is a significant divergence anomaly 
extending across the Indian Ocean, Asia and Africa dur-
ing LN3 and LN4, which is strengthened by the warm 
SST anomalies in the region. LN1 also shows significant 
divergence anomalies over the Indian Ocean, but not in the 
central region due to cold SST anomalies. LN2 also has 
cold SST anomalies across the Indian Ocean resulting in 
minimal changes to velocity potential, except for a small 
area of significant divergence in the eastern region. Gen-
erally, southern Africa experiences anomalous divergent 
flow in the upper troposphere, which is significant in LN1, 
LN3 and LN4, with LN3 showing the strongest anomaly. 
This strengthens the South Indian Ocean Convergence 

Zone and encourages the formation of tropical temperate 
troughs during La Niña (Tyson and Preston-Whyte 2000).

There are significant anomalies in the upper tropospheric 
rotational flow (eddy streamfunction) associated with the La 
Niña conditions (Fig. 13). There is a significant strength-
ening of the cyclonic flow in the upper troposphere over 
the central and eastern Pacific Ocean, shown by a pair of 
cyclonic anomalies, which are associated with the inten-
sity of the cold SST anomaly in the region. LN3 has the 
strongest anomaly and the cyclonic flow extends as far as the 
western Pacific Ocean in LN1 and LN3. On the other hand, 
LN2 has the weakest anomaly and is limited to the eastern 
Pacific Ocean. There is a pair of significant upper tropo-
spheric anticyclonic anomalies extending across Africa, the 
Atlantic Ocean and North and South America. LN3 shows 
the strongest anticyclonic anomalies, whilst LN2 shows the 
weakest anomalies which are primarily focused over Africa. 
Generally, the Indian Ocean also experiences anticyclonic 
anomalies, however they are not as strong as those over the 
Atlantic Ocean. LN1 also shows a significant upper trop-
ospheric cyclonic anomaly over the South Indian Ocean, 
which is also seen in the other La Niña conditions, although 
not significant. Southern Africa is generally characterized by 
a significant upper tropospheric anticyclonic anomaly over 
the tropical region, which is most notable in LN3. However, 

Fig. 12  Same as Fig. 7, but for the La Niña conditions
Fig. 13  Same as Fig. 8, but for the La Niña conditions
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the southern tip of Africa shows an upper tropospheric 
cyclonic anomaly in LN1, LN2 and LN4, although not sig-
nificant. This indicates a northward shift of the anticyclonic 
flow typically seen over southern Africa in austral summer 
(Fig. 8).

The La Niña SST conditions are also associated with sig-
nificant changes in the global wind circulation. Most notably 
is the strengthening of the Walker circulation seen in all of 
the La Niña conditions. This is generally shown by easterly 
anomalies in the lower troposphere and westerly anomalies 
in the upper troposphere across the tropical Pacific Ocean 
basin (Fig. 14). This is a typical atmospheric response to 
La Niña as shown by previous studies (Tyson and Preston-
Whyte 2000; Reason and Jagadheesha 2005; Ashok et al. 
2007; Yuan et al. 2014), however, the intensity of this anom-
aly varies between the conditions. LN1 and LN3 show the 
most significant strengthening of the Walker Circulation, 
whilst LN2 shows the least change in the lower troposphere 
and LN4 shows the least change in the upper troposphere 

over the Pacific Ocean. LN1, LN2 and LN3 also show sig-
nificant westerly anomalies over the eastern Pacific Ocean 
and/or South America at 850 hPa as a result of diverging air 
caused by the descending limb of the Walker Circulation 
over the central Pacific Ocean. In contrast to El Niño, the 
La Niña conditions have a more significant influence on the 
upper tropospheric wind circulation, particularly over Africa 
and the Indian and Atlantic Oceans. This robust modifica-
tion of the Walker Circulation explains the stronger SPEI 
response over southern Africa during the La Niña SST con-
ditions, compared to El Niño. All of the La Niña conditions 
show significant easterly anomalies globally in the upper 
troposphere, which result in a weakening of the subtropi-
cal westerly jet stream and strengthening of the TEJ. In the 
lower troposphere, there are cyclonic circulation anomalies 
over the Indian Ocean in both hemispheres. This results in a 
significant westerly anomaly along the equator and easterly 
anomalies in the subtropical regions, although more signifi-
cant in the northern part of the ocean basin. This circulation 

Fig. 14  Same as Fig. 9, but for the La Niña conditions
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anomaly is strongest in LN3, due to the presence of the nega-
tive IOD, and weakest in LN4. The tropical Atlantic Ocean 
shows lower tropospheric westerly anomalies in LN3 and 
LN4, although only significant in LN3, and easterly anoma-
lies in LN2. Southern Africa is generally characterized by 
cyclonic circulation in the lower troposphere for all of the La 
Niña conditions, resulting in significant westerly flow over 
the tropical part of the region. In the upper troposphere, LN1 
and LN2 are dominated by an easterly anomaly across south-
ern Africa, whereas LN3 and LN4 show minimal circulation 
anomalies over the southern part of the region.

Each La Niña condition shows variations in the verti-
cally integrated moisture flux divergence over southern 
Africa, resulting in notable differences in the drought pat-
terns. The La Niña conditions are generally characterized by 
lower tropospheric cyclonic moisture flow anomaly over the 
central part of the region (Fig. 15). This results in signifi-
cant convergence and increased precipitation in the region, 
including Zambia, Zimbabwe and Botswana. This agrees 
with previous studies, which show that La Niña is generally 
associated with pluvial conditions in these regions (Tyson 

and Preston-Whyte 2000; Ashok et al. 2007; Davis 2011; 
Hoell et al. 2015; Yuan et al. 2014). The position of the 
convergence associated with the cyclonic flow anomaly is 
indicative of a southward shift of the ITCZ during La Niña. 
There are no notable changes in the size or position of the 
cyclonic flow anomaly between the La Niña conditions. 
However, there is variation in its intensity with LN1 showing 
the strongest and LN2 showing the weakest anomaly. This 
cyclonic flow anomaly is collocated with significant diver-
gence to the north which varies with the position and inten-
sity of the onshore moisture flux from the tropical Atlantic 
Ocean. LN3 and LN4 show significant onshore flux from 
the Atlantic Ocean throughout the tropical region (0°–16°S), 
with LN3 showing the strongest flux. This results in a diver-
gence anomaly and drought conditions over the central and 
western equatorial region (Congo basin) and increased con-
vergence over the eastern equatorial region (Tanzania). On 
the other hand, LN1 and LN2 show a weaker onshore mois-
ture flow from the Atlantic Ocean which is not as prevalent 
in the equatorial region. This results in divergent anticy-
clonic moisture flow and significant drought primarily over 

Fig. 15  Same as Fig. 10, but for the La Niña conditions
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Angola, as well as divergence across the southern tropical 
region and Tanzania. This agrees with Nicholson and Kim 
(1997) who emphasize the influence of the Atlantic Ocean 
on southern Africa climate during the La Niña conditions, 
whilst the El Niño conditions are more strongly influenced 
by the Indian Ocean. All of the La Niña conditions show 
divergence along the western coast; however, only LN3 
and LN4 result in significant drought in this region (seen 
in Fig. 11). This is a result of the low moisture flux from 
the southern Indian Ocean, compared to the strong onshore 
flux during LN1 and LN2 which inhibits significant drought. 
LN3 also shows cyclonic moisture flow anomaly over the 
Mozambique Channel, resulting in significant wet conditions 
along the southern coast (Fig. 11).

4  Discussion and conclusion

In an effort to better understand the nonlinear impacts of 
ENSO on southern Africa climate, this study has investi-
gated the relationship between southern Africa drought 
and eight ENSO SST patterns. We analysed multi-forcing 
ensemble simulations from SPEEDY, an AGCM of inter-
mediate complexity from the ICTP. SPEEDY simulations 
were forced with SST from each of the eight ENSO SST pat-
terns previously identified by Johnson (2013) and Hoell et al. 
(2015). The capability of SPEEDY in reproducing southern 
Africa summer climate was evaluated by comparing the his-
torical simulations (1979–2008) with CRU observation. The 
influence of each ENSO pattern on southern Africa drought 
was then explored in terms of the simulated drought index 
(SPEI) and associated atmospheric dynamics.

Results of the study can be summarised as follows:

• SPEEDY generally captures characteristics of summer 
climate (DJF) over southern Africa well, albeit with 
warm and wet biases across the region. However, in most 
cases, these results are comparable with those from more 
complex atmospheric models.

• The SPEEDY simulation without the dynamic vegeta-
tion scheme tends to perform better than SPEEDY with 
dynamic vegetation in most instances, especially in the 
tropical and subtropical areas.

• The El Niño (La Niña) SST conditions typically result in 
negative (positive) SPEI and dry (wet) conditions over 
parts of southern Africa. However, the robustness of the 
SPEI signal varies across the different areas.

• The drought patterns are primarily driven by a weaken-
ing (strengthening) of the Walker circulation associated 
with the strength of the El Niño (La Niña) SST anomaly 
in the Pacific Ocean. However, variations in the Indian 
Ocean and Atlantic Ocean have a strong moderating 

effect which alters the circulation, thereby influencing the 
spatial pattern and intensity of drought over the region.

• The El Niño SST conditions feature different character-
istics of anticyclonic moisture flux over southern Africa 
which induce drought in different regions. EN1 and EN2 
produce drought primarily in the tropical region whilst 
EN3 and EN4 show drought in the southwestern region.

• The La Niña SST conditions show a distinct dipole pat-
tern in the drought, with significant wet conditions over 
the subtropical region driven by cyclonic moisture flux 
anomaly. Differences in the SPEI drought occur due to 
variations in the onshore flux from the southern Indian 
Ocean and tropical Atlantic Ocean, with LN1 and LN2 
producing drought in the northern part, whilst LN3 and 
LN4 show drought along the western coast.

The results of the study further affirm the idea that ENSO 
is a main source of southern Africa climate predictability 
(Nicholson and Entekhabi 1987; Lindesay 1988; Nicholson 
and Kim 1997; Reason et al. 2000; Cook 2001; Reason and 
Jagadheesha 2005). The study shows that while a simple 
GCM (such as SPEEDY) can capture the general influence 
of ENSO on drought in southern Africa, both simple and 
complex climate models struggle to provide the detailed 
influence of ENSO on the inter-annual variability of austral 
summer droughts. This is also a challenge to some RCMs 
(Meque and Abiodun 2015). The study performs climate 
simulations to confirm the observational evidence of Hoell 
et al. (2015) that southern African droughts respond dif-
ferently to the different flavours of El Niño (or La Niña) 
SST patterns, reinforcing the importance of SST anomalies 
within the Indian Ocean and the Atlantic Ocean in modulat-
ing rainfall over southern Africa. However, the study has 
expanded on the work of Hoell et al. (2015) by studying 
the influence of the ENSO SST patterns on SPEI (instead 
of rainfall), thereby including the impact of evaporative 
demand on drought severity. This study also strengthens 
the observational results of Hoell et al. (2015) by using an 
ensemble modelling framework to assess the robustness of 
the ENSO influence on southern Africa drought.

Nevertheless, the results of this study can be improved in 
many ways. Most notably, the warm and wet bias SPEEDY 
produces over parts of southern Africa needs to be improved. 
This will reduce the uncertainty and improve the reliability 
of the results, particularly in areas such as the subtropical 
region where dry conditions are expected during El Niño 
phases, but SPEEDY simulates wet conditions. As seen in 
the model evaluation, climate models with higher resolu-
tion and complexity do produce more realistic simulations 
of the southern Africa climate, particularly precipitation, 
although they do also show some biases. Therefore, in order 
to improve these results, future research should consider 
using a more complex climate model with higher resolution, 
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provided that such a model is accessible. Nevertheless, the 
present study shows that accounting for differences in ENSO 
SST patterns may improve drought predictions in southern 
Africa.
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