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EXECUTIVE SUMMARY

This report details various accompl i shmenBExtensieend f i ndi
Droughts and Climate Change in Southern Africa: Mec hani sms, Rel i alwhichwvasy and P
funded by the South African Water Research Commission from 2013 to 2017. The project had the

following major objectives: to better characterise droughts over southern Africa; to identify the

mechanisms that induce regionally extensive droughts (REDs) over southern Africa; to examine the

capability of climate model in simulating southern African droughts; to project future characteristics of

REDs under climate change; and to investigate reforestation impacts on the droughts. In addition, the

project developed a drought monitoring system over southern Africa.

Incorporating potential evapotranspiration into drought indices to obtain a better
characterisation of droughts over southern Africa

Southern African droughts are usually quantified with precipitation anomalies or the Standardised
Precipitation Index (SPI), thereby neglecting the important roles of evapotranspiration in drought
guantification. Furthermore, most drought studies over the subcontinent have been on local-scale
droughts, with little attention on REDs that usually cause more devastating impacts. This project
overcomes these shortcomings by using the Standardised Precipitation Evapotranspiration Index
(SPEI) to identify droughts and using two techniques to characterise REDs over southern Africa. The
first technique identified dominant drought modes and the second technique obtained major drought
patterns.

The results of first technique showed that about 50% of southern African droughts can be represented
with four major drought modes (called DM1, DM2, DM3 and DM4). The core of DM1 is over the south-
western part of southern Africa; DM2 over Zimbabwe; DM3 over Tanzania; and DM4 over Angola. The
results of the second technique revealed that southern African drought patterns can be generally
classified into three groups: All-dry pattern (showing dry conditions over the entire southern Africa); all-
wet pattern (showing wet conditions over the whole region); and dipole pattern (showing wet conditions
over a part of the subcontinent and dry conditions elsewhere).

Comparing the results from the two techniques indicates that the second technique (i.e. drought
patterns) gives a more robust description of RED characteristics than the first technique (i.e. drought
mode), because the characteristics of all the drought modes fall under that of dipole drought patterns.
We also found that while each drought pattern can occur in any season, some drought patterns have
preference for seasons. Furthermore, some droughts patterns can persist from season to season, while
others easily transit to another pattern in the following season.

There are distinctions between SPEI and SPI results. SPEI results suggest a general shift in southern
African droughts from all-wet patterns in the 1950s to 1970s to all-dry patterns in 1990 (possibly due to
the climate change). However, this shift does not feature in the SPI results, suggesting that SPI may
underestimate the influence global warming on southern African drought.

Understanding the mechanisms by which remote and local forcing of drought are translated into
climate moisture deficits

Previous studies have identified some atmospheric teleconnections as the main drivers (remote and
local) of southern African droughts. However, those studies quantified drought using only precipitation
T meaning that their results may not account for the contribution of potential evapotranspiration (or
temperature) to the link between atmospheric teleconnections and the droughts. Also, there is a dearth
of information on the coupling between atmospheric teleconnections and REDs. Hence, to fill these
gaps, this project examined the relationship between atmospheric teleconnections and REDs over
southern Africa using SPEI to quantify the droughts.

The results showed a strong dipole correlation between the El Nifio Southern Oscillation (ENSO) and
southern African droughts (SPEI). The correlation is up to +0.6 over the tropical area and about 1 0.6
over the subtropical area. While the strong link is due to the influence of ENSO on both precipitation



and temperature fields, the influence is stronger on temperature than on precipitation. Although ENSO
influences the four drought modes in southern Africa, the influence of the Indian Ocean Dipole (IOD)
on DM2 is as strong as that of ENSO, and the influence of the Tropical North Atlantic Ocean (TNA) on
DMa3 is stronger than that of ENSO. Moreover, we found that only 20% of droughts patterns (all-dry and
all-wet patterns) are solely induced by ENSO; other drought patterns are caused by complex
interactions among the atmospheric teleconnections. However, all-dry drought patterns usually occur
during El Nifio events, while all-wet patterns occur during the La Nifia events.

Evaluating the capabilities of climate models to represent REDs and the driving mechanisms

Climate models are fascinating tools for understanding the complexity of climate systems. They can be
applied to study the past and future characteristics of droughts. However, for climate model results to
be useful, the model should realistically simulate the past climate. Hence, this project examined the
performance of some global climate models (GCMs) and regional climate models (RCMs) in simulating
the characteristics of the REDs (and the influences of the drought drivers) over southern Africa.

We found that contemporary GCMs give remarkable simulations of the observed characteristics of the
drought modes (e.qg. the spatial structure). However, they reproduce the characteristics better at a three-
month drought scale than at a 12-month drought scale. While about 70% of the GCMs simulate the
characteristics of four drought modes well at three-month scale, only 60% of the models capture the
characteristics of three drought models well at 12-month scale. Existing RCMs also simulate the spatial
structure of the drought modes better at three-month scale than at the 12-month scales, but they capture
the temporal variability of the drought modes better at 12-month scale than at three-month scale. They
also simulate well the frequency of the drought patterns over southern Africa but perform poorly in
reproducing the temporal variability of the drought patterns.

Some RCMs simulate the ENSO influence on the southern African droughts well. In this regard, a
variable-resolution global model shows the best simulation, possibly because the model does not have
lateral boundary condition problem as other RCMs. However, we found that the simulated link between
ENSO and southern African droughts is sensitive to the global data set used for the lateral boundary
forcing. In some cases, the RCM downscaling of GCM simulations adds values to the simulated link,
but in other cases it does not add values. The added value of RCM to the simulated link decreases as
the capability of the GCM to simulate the link increases. This study suggests that downscaling GCM
simulations with RCMs over southern Africa may either improve or depreciate the simulated ENSO-
drought link over the region.

Understanding the potential impacts of climate change on REDs in southern Africa

There is a concern that the anthropogenic warming may increase the severity of southern African
droughts. However, most future projections over the subcontinent usually consider future changes in
precipitation and temperature separately, without linking the changes to climate moisture balance to
give a better indication of climate change impacts on droughts. The present study investigated the
impacts of the anthropogenic warming change droughts over Africa, using SPEI (a climate moisture
balance indicator) to characterise droughts. It focused on future changes in drought intensity, area
coverage, frequency, modes, and patterns. The future projections are based on series of regional
climate model simulations of two future climate scenarios (called RCP4.5 and RCP8.5).

The models projected an increase in droughts intensity, area coverage, and frequency over southern
Africa in the future under both RCP4.5 and RCP8.5 scenarios. However, the increase is more
pronounced under the RCP8.5 than under RCP4.5. There are substantial differences in future
projections of SPEI and SPI droughts. SPEI droughts are more intense, more frequent, and wider than
SPI droughts. The model projections show no significant changes in spatial structure of the four drought
modes, but more severe droughts are projected over the core areas of the drought modes, and the
magnitude of the severity is higher for DM3 and DM4 modes than for DM1 and DM2 modes. The
projections also show that all-dry drought patterns would become more frequent in the future, while all-



wet drought patterns would become less frequent, but the frequency of dipole drought patterns would
remain unchanged.

Potential impacts of forestation on southern African droughts

Some studies have suggested forestation as a viable climate change mitigation option (because of its
biochemical benefits) without investigating the biophysical impacts of forestation. Despite its
biochemical benefits, forestation may induce negative impacts on the regional climate, especially over
southern Africa. To improve knowledge in this aspect, the project used a series of climate model
simulations to investigate impacts of realistic land-use changes (i.e. forestation) over southern Africa
on the regional climate in the future.

The results showed that forestation increases the projected future warming over the forested area but
reduces the warming elsewhere. In addition, it enhances rainfall over the forested area and lowers
rainfall elsewhere. These changes are largely due to the albedo effect and dynamic effect of forestation
on the atmosphere. The darker forest (relative to pre-existing vegetation cover) decreases the surface
albedo and increases the amount of solar radiation absorbed at the surface. This produces extra energy
in the system, which increases the amount of sensible and latent heat over the forested area, thereby
increasing the temperature and rainfall, respectively. Hence, the study concluded that forestation would
alleviate droughts over some areas and aggravate drought over other areas.

Drought monitoring systems over southern Africa

The Drought Atlas, a collection of past drought maps, is very useful for drought monitoring and
forecasting. We can learn from past drought events and compare real-time droughts with similar past
conditions. A previous study developed a Drought Atlas over South Africa in 2007 using SPI to define
drought. The atlas is now almost a decade old, meaning that it does not include recent droughts
patterns. It might also underestimate drought intensity because it does not include the influence of
evapotranspiration in characterising the droughts. In addition, since the focus of the atlas is over South
Africa, it may be unsuitable for representing REDs over southern Africa. Hence, as part of the project,
we developed a drought monitoring system (http://hail.csag.uct.ac.za/droughtmonitor/home.php), which
includes a new Drought Atlas over the entire southern Africa from 1951 to 2015. The system also
provides the composites of drought patterns during the active phases of important atmospheric
teleconnection (e.g. ENSO and IOD) and provides future projections of droughts over southern African
countries (and any other area of interest) under two possible future climate change scenarios (RCP4.5
and RCP8.5).

Capacity building and publications

Part of this project comprised a PhD thesis (Arlindo Meque; graduated) and two ma s t d¢hesess
(Evaline Ujeneza and Myra Naik; both graduated) submitted to the University of Cape Town. Some of
the findings from the project are now published in three peer-reviewed papers (Meque and Abiodun
2015; Naik and Abiodun 2016; Ujeneza and Abiodun 2015), while others are awaiting publication.

The project outputs (i.e. computer codes and data) have been used in other three peer-review papers
(Abbar and Abiodun 2016; Abiodun et al. 2016; Browne-Klutse et al. 2015) and in two PhD theses
(Mariam Nguvava and Shakirudeen Lawal; both ongoing) at University of Cape Town and a PhD thesis
(Abayomi Abatan; ongoing) at lowa State University in the United States of America.

The new Drought Atlas also provides teaching resources for two postgraduate courses (EGS4023F:
Research Methods for Natural Science; EGS4024S: Climate Modelling) at the University of Cape Town.

Recommendation

Results of this project can be improved or applied in several ways. For instance, it can be improved by
using more observational, reanalysis and simulation data sets that cover a longer time period. Using
data sets with a longer time period (i.e. paleo-climate data sets) would give better information on
whether the disappearance of the all-wet drought since the last few decades is due to the impact of


http://hail.csag.uct.ac.za/droughtmonitor/home.php

climate change or it is a part of natural climate variability. Performing the analysis with more data sets
will help in quantifying the uncertainties in the results, hence making them more robust for policymaking.

There is need for additional studies to investigate why the stretched-grid global climate model (SGCM)
performed better than the limited-area climate models (i.e. RCMSs) in simulating a link between ENSO
and southern African droughts. The most plausible reason is that the lateral boundary condition problem
may be a major bottleneck in simulating the link in RCMs, whereas there is no boundary condition
problem in the SGCM. However, to establish this postulation, a climate model that can function as GCM,
SGCM and RCM is required to study the influence of boundary condition problem on simulating the link
between atmospheric teleconnection and southern African droughts. The results of such a study will
assist the climate model development community (especially in southern Africa) to focus their efforts
and resources on areas that will improve the simulations of southern African droughts.

Although, the analysis of the project has focused on characteristics of REDs in past climate and in future
climate projection, the analysis can be easily extended to forecasting of REDs at subseasonal to
seasonal scales. The emphases of conventional seasonal forecasting systems in southern Africa have
been on rainfall and temperature anomalies. Incorporating the methodology and results of this project
into the current seasonal forecasting systems will make the systems provide more relevant and useful
information for minimising drought impacts over the subcontinent. Lastly, the results of the project can
also be applied in studying impacts of REDs on southern African river basins and in investigating how
land-use management (e.g. land-cover changes) can be used to mitigate the impacts.

vi



ACKNOWLEDGEMENTS

We acknowledge the support of the project Reference Group:

Dr Chris Moseki : Water Research Commission (First Chairman)

Dr Wandile Nomquphu : Water Research Commission (Second Chairman)
Dr Brilliant Petja : Water Research Commission (Third Chairman)
Prof Geoff Pegram : University of KwaZulu-Natal

Dr Willem Landman : University of Pretoria

Dr Peter Johnston : University of Cape Town

Dr Asmeron Beraki : South African Weather Service

Dr Tendai Sawunyama : IWR Water Resource (Pty) Ltd

Vi



Page left blank intentionally

viii



TABLE OF CONTENTS

EXECUTIVE SUMMARY ..ottt ittt ettt ettt sttt et e e s st e e e s ab e e s st e e e e bt ee e s s nbaeeeenbaeeeennreas iii
ACKNOWLEDGEMENTS ....ci ittt ittt ettt ettt e sttt e st e e e sttt e e e snbe e e e e snbbeeeesnbaeeeesbaeeeesnbbeeaeans vii
TABLE OF CONTENTS L.ttt ittt ettt sttt ettt sttt e sttt e e st e e e e sttt e e e sabt e e e e anbaeeeeanbeeeeesbbeeeesnbbeeeenaes iX
LIST OF FIGURES .....iteiiieiiiitt sttt sttt ettt sttt sttt e s et e e sttt e e e e st e e e e abe e e e s nbae e e e nbaeeeennreas Xi
LIST OF TABLES ..ottt ettt ettt ettt e e e ettt e e e s et e e e e s m bt e e e anbe e e e e snbb e e e e anbbeeeeanbaeeeennnes XVi
LIST OF ABBREVIATIONS . ...ttt ettt ettt e st e e e snbe e e e e snbe e e e e anbaeeesnnees XVii
1 INTRODUCTION .. ettt ittt ettt ettt ettt e sttt e e sttt e e s bee e e e sabbe e e e ssbeeeessbaeeesansaeeesansbeeesanseeeas 1
1.1 [0 1A= o] o PP UP T ROTPPRRRR 1
1.2 BlaSIS ettt e e e e e e e e b b e et e e e e e e e bbb e et e e e e e e e bnrreeaaaeaeaaaa 2
1.3 L 11111 T PSR 3
2 CHARACTERISTICS OF REDs OVER SOUTHERN AFRICA ...t 4
2.1 Ta 1 go]o [ o i o] o E PP PO PP PP PPPTRR PPN 4
2.2 (D= U= U= T o I/ 1 T To £ PRSP PPRRRR 4
2.3 Characteristics of Drought Modes Over Southern Africa..........ccccee e, 6
2.4 Characteristics of Drought Patterns Over Southern Africa .........cccce oo, 12
2.5 L] oo 11 ] T o ISP 18
3  PHYSICAL MECHANISMS CONTROLLING REDS .....cuvuiiiiiiiiiiiciee et a e 20
3.1 Ta oo [ e i[o] o T TP PP PPPPRPPP 20
3.2 The Link Between ENSO and Summer Drought in Southern Africa.........cccccoovvveeiininenens 20
3.3 Atmospheric Teleconnections and Drought Modes Over Southern Africa ..........cccc......... 25

3.4 Relationship Between Atmospheric Teleconnection and Drought Patterns in Summer Over
SOULNEIN ATTICA ..ttt e e et e e e e e e s e anbr e e ee s 30
3.5 L0 Vo 11 ] T o SO 35

4  ASSESSMENT OF CLIMATE MODELS IN SIMULATING REDs OVER SOUTHERN AFRICA36
4.1 Ta oo [¥ox i o] o E TP PPPPTPP 36
4.2 [0 To [ = T To I 0 - SRRSO 36
4.3 Simulating the Link Between ENSO and Summer Droughts in Southern Africa ............... 38
4.4 Simulating the Drought MOGES.........cooiiiiiiii e 51
4.5 Simulating the Drought PatterNS ........ccoiuiiiiiiiiieeiee e 58
4.6 (0] o Tox 11 ] T ] o H TP UPT TP 64
5 FUTURE PROJECTIONS OF REDs OVER SOUTHERN AFRICA ......cccccoeiiiiie e 66
51 0T [ o 1o T R 66
5.2 MOAEI] SIMUIALIONS ....coeiii ettt e e ettt e e e e e e anb b b reeeaaeeeeaans 66
5.3 DroUghtS INTENSILY ...eeiiiiiiiieiii et e s e e e e et e e e anene 67
5.4 (D) (o TN o] 1 A @X0 )Y =T = o = PR TPPPR 69
55 DroUgNt FIEQUENCY ..coeiiiiiiieeeee ettt ettt e e e et e e e e e s e bbb e ee e e e e e enes 71
5.6 The Drought MOGES ....coooiiiiiiiiiiiee ettt ettt ettt e et bee e e s nbbeee e snbaeeeeans 74
5.7 DroUGNE PATEINS ....cceiiieei ettt e e e e ettt e e e e e e s anbabaeeeaaeeeeanns 78
5.8 1070 0 [od 1157 o] 1S PRSPPI 79



6 IMPACT OF FORESTATION ON DROUGHTS OVER SOUTHERN AFRICA ............cciie 80

6.1 T (o o (U1t o o RSP PP 80
6.2 MOAEI] SIMUIALIONS ....coiieii et e e e e s et e e e e e e s anbbreeeeeaeeeaanns 80
6.3 Potential Impacts of Forestation on Rainfall and Temperature............cccccoviiiieiiieeenn 83
6.4 Potential Impacts of Forestation on Summer Drought..........ccccceeviiiiiiiieree e 90
6.5 Summary and CONCIUSION ........uiiiiiiiiiei ittt e e 91
7 DROUGHT MONITORING SYSTEM OVER SOUTHERN AFRICA .......cccooiiiiiiiiee e 92
7.1 1] (o o (U1 o T o RSP PR 92
7.2 Drought MONItOrNG OPLION ......eeiiiiiiiieiiii ettt e et e e e e 93
7.3 Drought Atlas OPtioN........cciiiiiiie e s e e e e e e s s r e e e e e s aenrrreeraeeeeaaans 95
7.4 L LT (o] (=T 10 T (0] £ 97
8 CONCLUSIONS AND RECOMMENDATIONS .....tiiieiiiiiee ettt 99
8.1 Summary of Products from ThiS PrOJECT ........c.eeiiiiiiiiiiiiec e 99
8.2 Conclusions fromM the PrOJECT ......cccooe e 100
8.3 [T oTo] 141 41T 0 To F= o] o PR SUSPR 102
BIBLIOGRAPHIES ... ittt s e e e et e e e e e e e e e e ta e e e e e e e aat b e e eeeeeeasananns 103
1 Publications, Presentations and Interviews Arising from this Project...........c.cccoocieenne 103
1.1 Published and ACCEPted PaAPErS.........uuuuuuiiiuieiiiiiiiiieieieieieieieierersrereierereee————.. 103
1.2 SUDMITEEA PAPEIS. ...ttt e et e e et e e e e abaeeeean 103
1.3 Papers iN Preparation ........ ... .. . e eieieieieieieieisieieisieieiessrerereerersrsreerereeererersrrarnraa. 103
1.4 Conference Talks and POSEEIS.......ccoiiiiiiiiiiiie ettt e e 103
2 Publications Cited in thisS REPOIt ..o 104
APPENDIX: ATLAS OF DROUGHT PATTERNS OVER SOUTHERN AFRICA .......cccccevviiieenee 113



LIST OF FIGURES

Figure 1: The study domain showing the topography of southern AffiCa..........cccccvieeiiiiiiiiiiiee e 4
Figure 2: The spatial-temporal variability of SPEI (at three-month scale) over southern Africa ...........ccccoeevvveeeen... 7
Figure 3: The spatial-temporal variability of SPEI (at 12-month scale) over southern Africa..........cccccceeeeevviiinneen.n. 8
Figure 4: A comparison between the drought modes (i.e. principal factors) obtained using SPEI (left panels) and
PDSI (right panels) at @ 0Ne-MONT SCAIE .........ooiuiiiiiii et e e e e e et e e e e e e e nneaeeeaaens 9

Figure 5: Decadal variation of the three- and 12-month drought frequency over the drought modes core area ... 10
Figure 6: WPS (using the Morlet wavelet) of (a) DM1, (b) DM2, (c) DM3 and (d) DM4. Cross-hatched with line

indicate the cone-of-influence. The thick black line contour is the 5% significant level ...............ccoocciiinn. 12
Figure 7: The SOM array (3 x 4 nodes) of the seasonal SPEI (three-month Scale) ..........cccoccvviiviiiiiiiic e 13
Figure 8: The seasonal variation of the drought patterns (shown in Figure 7). The total number of events for each
drought pattern is indicated iN the PANEI .........coiii i 14
Figure 9: The decadal variation of the drought patterns (shown in Figure 7). The total number of events for each
drought pattern is indicated IN the PANEI ...........oiiiiiii et e st e e s nreeas 14
Figure 10: (a) The SOM classification of drought patterns obtained with the UDEL data set (upper panel); and (b)
the corresponding decadal frequency of the drought Patterns ...........occeeiiiiii e 16
Figure 11: (a) The SOM classification of drought patterns obtained with SPI; and (b) the corresponding decadal
frequency of the drought patterns. The labels are as in Figures (1) and (3), respectively..........cccccoovveeiiiieennnnen. 17
Figure 12: The persistence and transition of the SPEI drought Patterns ...........cccoeceiieiiiieeeniiie e 19
Figure 13: The simulation domain of Coordinated Regional Climate Downscaling Experiment (CORDEX) Africa
showing the African topography (metres) and the southern African domain used in this study ...........ccccccceeeens 21
Figure 14: The coefficient of correlation between ENSO and drought (SPEI) over southern Africa in summer (DJF,
RS TSTe 00 PR PP PP ORI 21
Figure 15: The coefficient of correlation between ENSO and precipitation over southern Africa in summer (DJF),
as 0bServed (CRU and ERAINT) ...ttt ee ettt ettt e e e sttt e e ettt e e sttt e e e aste e e e ettt e e s aneeeeeanbeeeeeanseeeeanneeaesnseeas 22
Figure 16: The coefficient of correlation between ENSO and temperature over southern Africa in summer (DJF),
as observed (CRU and ERAINT) and simulated [CORDEX regional climate models (RCMS)] ........cccccceeeerviinnnnn. 23

Figure 17: The coefficient of correlation between ENSO and climate variables (rainfall, temperature and SPEI). 23

Figure 18: The composite of drought index (SPEI) and wind anomalies at 850 hPa in Decemberi January of La Nifia
V2L T PP P PP PPPPPUPPPPPPPPPPPIN 24

D L= L T PP PSPPPRPPN 24

Figure 20: The correlation between the scores of principal factors (PF1, PF2, PF3 and PF4; i.e. drought modes:
DM1, DM2, DM3 and DM4, respectively) and global SST in different SEasons .........cccocvvvviiiiiiiiiiie e 26

Figure 21: The wavelet coherence (and phase shift) of DM1 drought mode with atmospheric teleconnections ... 27
Figure 22: The wavelet coherence (and phase shift) of DM2 drought mode with teleconnections........................ 28
Figure 23: The wavelet coherence (and phase shift) of DM3 drought mode with teleconnection ................cc....... 29

Figure 24: The wavelet coherence (and phase shift) of DM4 drought modes (principal factors) with teleconnections
.............................................................................................................................................................................. 30

Figure 25: The frequency of overlapping between the drought patterns (shown in Figure 7) and the active phases
(positive: red; negative: blue) of atmospheric teleconnections (i.e. climate indices: ENSO, IOD, AAO and BEN) in

DN OO O O OO PRSP PPPTOTRTOPPPOPRTN 31
Figure 26: Composite of SST (°C) anomalies associated with the SOM drought patterns (shown in Figure 7) during
SUMMET (DJF) N 19501 2013 ... iiiiiiiie e ettt et e e e e ettt ettt e e e e e s e b bttt e e e e e e s aa b be et e e e e e e aaabbb et eeaeaesanbbteeeeeeesaannntbeeaaaesannns 32

Figure 27: Composite of rainfall anomalies (colour; mm/month) and temperature anomalies (°C) associated with
the four extremely different drought patterns (i.e. Nodes 1, 4, 9 and 12, shown in Figure 7) during summer (DJF)

IS ST 0 20 SRS 34
Figure 28: The composites of vertical wind (omega) anomalies (x 10° PaA™) associated with the four extremely
different drought patterns (Nodes 1, 4, 9 and 12, shown in the FIQUIE 7) ......cooiiiiiiiiiiiiiiiiee e 34
Figure 29: The composites of moisture flux (arrows; mA1) and moisture flux convergence (colour; x 108A71) for the
extremely different drought patterns (Nodes 1, 4, 9 and 12, shown in Figure 7) ........ceeooiviiiiiieee e 35
Figure 30: The simulation domain of CORDEX Africa showing the African topography (metres) and the southern
African domain USE iN thiS STUAY..........eiiiiiiiiiiiii et e e e e e s s e e e e e e s stbbaeeeeeeessesntbeaaaeesanans 37

Xi



Figure 31: The coefficient of correlation between ENSO and drought (SPEI) over southern Africa in summer (DJF,

19891 2008), as observed (CRU and ERAINT) and simulated (CORDEX RCMS) .......ccoiiuiiiiiieeniiiiiiiieee e 39
Figure 32: The coefficient of correlation between ENSO and precipitation over southern Africa in summer (DJF),
as observed (CRU and ERAINT) and simulated (CORDEX RCMS).........uuitiiiiiiiiiiiiieae e eiiiiieee e e eeeieeeeaaaeeeennenes 40
Figure 33: The coefficient of correlation between ENSO and temperature over southern Africa in summer (DJF),
as observed (CRU and ERAINT) and simulated (CORDEX RCMS).........uuitiiiiiiiiiiiieeae e aiiiieee e e eeineeeeaa e e e eennenes 41
Figure 34: The coefficient of correlation between ENSO and climate variables (rainfall, temperature and SPEI) over
(a) Limpopo (LP), (b) north-western South Africa (NS), and (c) North-eastern Tanzania (TZ) .........ccccoeveveeerinnenn. 42
Figure 35: The composite of drought index (SPEI) and wind anomalies at 850 hPa in Decemberi January of La Nifia
VL2 T PP PP PP PP PPPPPPPPPPPPPPPIN 43
Figure 36: The composite of drought index (SPEI) and wind anomalies at 850 hPa in Decemberi January of El Nifio
LTSV T P T T T TP PO T PP U PP PP OPRTPUPPTRIN 44
Figure 37: The coefficient of correlation between ENSO (i.e. Nino3.4) and drought index in ERAINT and GCM
SIMUIBTIONS ...ttt e bt e e e et e e s b et e bt o e bt e e bt e e e b e e et e e ekt e et et e ket e be e e b e e ne et s 46
Figure 38: The coefficient of correlation between ENSO (i.e. Nino3.4) and drought index in RCA simulations forced
With ERAINT QN0 GCM LA SEES......ccueiiitiieiiieitit ettt ettt ettt ettt sa bt e sab e e s bt e sab e e e e e san e e s e e nane e e 46
Figure 39: The added value (shaded) of the RCA dynamical downscaling to the simulated link between ENSO and
(o[ ol0Te | o SR AT 01 a1=] g I AV i o= LTSRN a7

Figure 40: The correlation between ENSO and (a) SPEI, (a) rainfall and (c) temperature (c) over the drought corridor
(LP) in southern Africa for Both GCM @nd RCAZ...........eiii ettt e e e e et e e e s e e s neneeeeas

Figure 41: Same as in Figure 40 but over north-western South Africa (NS)
Figure 42: Same as in Figure 40 but over north-eastern TANZANIA ..........cceeeiririieiiiiie e

Figure 43: The observed and simulated PCA loadings of three-month SPEI over southern Africa..............cc....... 52
Figure 44: Same as Figure 43 but for 12-month SPEI ..........oooiiiiii e 53
Figure 45: The observed and simulated PCA loadings of three-month SPEI over southern Africa by RCMs ....... 55
Figure 46: Same as Figure 45 but for 12-month SPEI .......couuiiiiiiiii e 56

Figure 47: Taylor plots of the correlation between observed and simulated PCA scores (from RCMs driven by
reanalysis) of three-month SPEI over SOUthern AfFiCaA ........cc.uviiiiiii i

Figure 48: Same as Fig 4.18 but for the 12-month SPEI
Figure 49: Drought modes generated by a 4 x 3 SOM array using the combined SPEI values from the 12 data sets

(CRU, ERAINT and then CORDEX RCMS) .......uccittiiiiaititaiieestit sttt ettt sss ettt siee st sieeesb st e sineensneesaneennneens 59
Figure 50: Seasonal frequency of the drought patterns during the 19907 2008 period for all 12 data sets including
Observation, Reanalysis and ten RCMs participating in the CORDEX PrOJECE .......ccoiiiiiiiiiiiiiiieiiiiiieeeee e 60
Figure 51: Taylor diagram for area-average monthly SPEI values over the entire southern Africa during the period
LOO0T 2008 ...ttt ettt etttk ettt e et et E bbb b e oAb e R e A e e e R e et e e Rt e Rt e et e b e e e b b e 61
Figure 52: Seasonal occurrence of the drought patterns in observation, reanalysis, and ARPEGE ..................... 62
Figure 53: Synchronization (%) of nodes between 11 data sets (Reanalysis and ten RCMs) with the observations
during the entire study period (19907 2008) .......ccccuuteirreieeiiiee et e et e e e e st s e e e e st e e e sanbr e e e e e e e anrees 63
Figure 54: Composite of SST anomalies (°C) associated with (a) Nodes 1 and (b) Node 12 during austral summer
period for the CRU, ERAINT and the 10 RCIMS ......uuiiiiiiiiiiiiiiiie ettt e ettt e e e e et e e e e e e e sntbaa e e e e e e s snsaneeeaens 64
Figure 55: Interannual variability of Seasonal droUgNTS ..........cooiiiiiiiiiiie e 68

Figure 56: Future projections of drought intensity over southern Africa under RCP4.5 and RCP8.5 scenarios.... 69
Figure 57: Same as Figure 55, except for percentage of southern African landmass experiencing seasonal drought

.............................................................................................................................................................................. 70
Figure 58: Same as Figure 56, except for percentage of southern African landmass experiencing seasonal drought
.............................................................................................................................................................................. 71
Figure 59: Projected changes in number of seasonal drought (three-month SPEI <1 1; number per decade) over
southern Africa in 19317 2065 under the RCP4.5 scenario, with reference to 19711 2005.......cccoooeeeeviviiieiiineeenn. 72
Figure 60: Same as Figure 59, except for RCP8.5 SCENAIIO ......cciiiiiiiiiiiiieee ettt e e e 72

Figure 61: Projected changes in number of seasonal drought (three-month SPI < 1 1; number per decade) over
southern Africa in 19317 2065 under the RCP4.5 scenario, with reference to 19711 2005. The white area indicates

10N - L= PO TP UUPPPPPI 73
Figure 62: Same as Figure 61, but for RCP8.5 SCENAIIO..........ueiiiiiiiiiiiiie e 73
Figure 63: Drought modes over southern Africa, as obtained with PCA of 12-month SPEI for observed (CRU) and
simulated RCA sSimulations (19517 2014) ........uuiiiiiee ittt e ettt e e e e e st e e e e e e s s tbabeaaeeessassbaaeaeaeessasnrseeeaeesannes 75

Xii



Figure 64: Same as Figure 63, except for 19517 2100 under RCP4.5. CRU analysis is for 19511 2014 ............... 75

Figure 65: Future projections of drought over the core area of DML .........coooiiiiiiiiiii i 76
Figure 66: Future projections of drought over the core area of DM2.........coooiiiiiiiiiiiiiiie e 76
Figure 67: Future projections of drought over the core area 0f DM3..........coooiiiiiiiei i 77
Figure 68: Future projections of drought over the core area 0f DM4 ...........oooiiiiiiie i 77

Figure 69: (a) The SOM classification of three-month drought patterns (SPEI) over southern Africa in past climate
(19711 2005) and projected future climate (20311 2065) under RCP4.5 and RCP8.5 scenarios; (b) The frequency
of the drought patterns during the present-day (19711 2005) and future (2031i 2065, under RCP4.5 and RCP8.5
SCENANOS) CHIMALES ...eiiiiiiiiieiee et e e e e e e e e e et e et e e e e e e s st baaeeeeeeessastbseeeeeeesaassaaaeeeeeessansaeseeeeeesaanes 79

Figure 70: Land-cover types used for the present-day and future climate simulations (PRS and FRS, respectively)
TRt TSR] (1 o TSR 82

Figure 71: Projected future (20311 2064) changes in mean air temperature (shaded; °C) and 850 hPa geopotential
height (contours: metres; the contour INEIVAl IS 2 M) .....oiiiiiiii e e e e e e aneneeas 85

Figure 72: Projected future (20317 2064) changes in mean rainfall (shaded; mmAnonth) and in 850 hPa winds
[CLELo) ) P PP OO U PP UPPPPOPPION

Figure 73: The simulated impacts of forestation

Figure 74: The potential impacts of forestation on summer (DJF) droughts (i.e. three-month SPEI < 1.5) ........... 90
Figure 75: A screen shot of the project WebSite POTtal ...........cooiiiiiiiiiiiiie e 92
Figure 76: A screen shot of the spatial drought plot from the project Website ...........cccoviieiiiiiii i 93
Figure 77: A screen shot of the temporal drought plot over a rectangular area (Western Cape), as obtained from
tNE PrOJECT WEIISITE ...ttt et e et e e bt e e s a bt e e s b e e e sk e e e e e nb et e e nnnr e e e s nreeas 94
Figure 78: A screen shot of the temporal drought plot over a country (South Africa) as obtained from the project
] o1 (O PO UP PP OPPPPPPPRPON 95
Figure 79: A screen shot of the atlas drought plot over southern Africa (composite of drought index for very strong
ENSO years ) as obtained from the projeCt WEDSITE..........ocuuiiiiiiiiiiee e 96
Figure 80: A screen shot of the projected changes (for two RCP futures) in drought characteristics over a country
(South Africa) as obtained from the ProjeCt WEDSIE ..........cooiiiiiiiiiiie e 98
Figure 81: The spatial distribution of annual drought (12-month SPEI, ending in February) over southern Africa for
LU LT oo I R L N i O PO UPTT TSP 113
Figure 82: The spatial distribution of annual drought (12-month SPEI, ending in February) over southern Africa for
LU LT oo I R I N L L IO PP UPTT TR TPTPPPR 113
Figure 83: The spatial distribution of annual drought (12-month SPEI, ending in February) over southern Africa for
LU LT oo I R L N N 2 0 O PP UPUT TP 114
Figure 84: The spatial distribution of annual drought (12-month SPEI, ending in February) over southern Africa for
L gL o LT oo I 0 N 2 0 OO PP UPTT TR TOTPPPR 114
Figure 85: The spatial distribution of annual drought (12-month SPI, ending in February) over southern Africa for
LU LT oo I R L N i O TP UPTT TSP 115
Figure 86: The spatial distribution of annual drought (12-month SPI, ending in February) over southern Africa for
L0 LT oo I R It L L LTI 115
Figure 87: The spatial distribution of annual drought (12-month SPI, ending in February) over southern Africa for
LR o =T gTo o B RS e 2 0 O I P O PP P PSP PPPRN 116
Figure 88: The spatial distribution of annual drought (12-month SPI, ending in February) over southern Africa for
L =R o =T gToTo I 0l A 2 0 O PP T PP PSP PPPRN 116
Figure 89: The spatial distribution of summer drought (three-month SPEI, ending in February) over southern Africa
fOr the PErIOA LO5LT 1970 ... .eeeeiiiiiie ittt ettt et e e e bt e e bbbt e e aa bt e e e s bb e e e e es b bt e e aabbe e e s nbbeeeeanbreeennnee 117
Figure 90: The spatial distribution of summer drought (three-month SPEI, ending in February) over southern Africa
fOr the PEriOd L9711 1990 ......ceiiiiiie ittt ettt ettt e e et e ettt e s bt e ek bt e e ea b et e e s bb e e e e anb bt e e e bbe e e s ssbeeeeanbreeenanee 117
Figure 91: The spatial distribution of summer drought (three-month SPEI, ending in February) over southern Africa
fOr the PEriod 19911 2000 ... ..eeeiiiiie ittt ettt e e et e ettt e e s b et e e bbbt e e aa b et e e s bb e e e e esbb e e e aabbe e e s nbbeeeeanbbeeennnee 118
Figure 92: The spatial distribution of summer drought (three-month SPEI, ending in February) over southern Africa
(o g (g (el oT=T oo B2 0 N 2 O PP TR TSTTPP 118
Figure 93: The spatial distribution of summer drought (three-month SPI, ending in February) over southern Africa
(o g (g Tcl o T=T oo B K L Nt K I O PR TSP 119
Figure 94: The spatial distribution of summer drought (three-month SPI, ending in February) over southern Africa
fOr the Period 1711 1990 .......eeiiii ettt iee ettt et oo oo ettt et e e e e e e et te e et e e e e e s e sbeeeeeeea e e e sneeeeeeaaeeaaannbbeeeaaeeeaansneneaeans 119

Xiii



Figure 95: The spatial distribution of summer drought (three-month SPEI, ending in February) over southern Africa
{0 g (g Tl L= oo B KL b N 2 0 LTS 120

Figure 96: The spatial distribution of summer drought (three-month SPEI, ending in February) over southern Africa
{0 g (g T oT=T oo B2 0 2 0 PRSP 120

Figure 97: The spatial distribution of the most widely extensive annual droughts over southern Africa as depicted
by 12-month SPEI and SPI (ending in February 1995) ....... ..o 121

Figure 98: The spatial distribution of seasonal droughts before (top panels), during (middle panel), and after (lower
panels) the summer of the most widely extensive drought (1995) over southern Africa, as depicted by three-month
IS = T TSP U ST PPTOPR 122

Figure 99: The spatial distribution of seasonal droughts before (top panels), during (middle panel), and after (lower
panels) the summer of the most widely extensive drought over southern Africa (1995), as depicted by three-month

IS IO PSP U P UPPTRPR 122
Figure 100: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during very strong positive ENSO (El Nifio) years (1983 and 1988) ...........coiiiiiiiiiiiiiieee e 123

Figure 101: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of very strong positive ENSO (EI Nifio) years (1983 and 1988)
............................................................................................................................................................................ 124

Figure 102: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of very strong positive ENSO (EI Nifio) years (1983 and 1988)

............................................................................................................................................................................ 124
Figure 103: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong positive ENSO (EI Nifio) years (1958, 1966, and 1973) .......cceeiirreeiniiiieiiiiiee e 125

Figure 104: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive ENSO (EI Nifio) years (1958, 1966, and
) PP PERPT 126

Figure 105: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive ENSO (El Nifio) years (1958, 1966, and

) PRSP 126
Figure 106: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong negative ENSO (La Nifia) years (1974, 1976, and 1989) .........ccccoeeiiiiriiiriiieeiieee e 127

Figure 107: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative ENSO (La Nifia) years (1974, 1976, and
L1 ) PRSP 128

Figure 108: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative ENSO (La Nifia) years (1974, 1976, and
L1 ) PRSP 128

Figure 109: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong positive 10D years (1961, 1963, 1967, 1972, 1977, 1982, 1983, 1994, 1997, 2006 and 2007) .... 129

Figure 110: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive 10D years (1961, 1963, 1967, 1972, 1977,
1982, 1983, 1994, 1997, 2006 AN 2007) ... .veeeeiiiriieiitiieeeitee e ettt e et e e e s e e e atb e e ase et e e e e s b e e e e e s 130

Figure 111: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive 10D years (1961, 1963, 1967, 1972, 1977,

1982, 1983, 1994, 1997, 2006 AN 2007) ... .veeeeiiirieeeiieie et ee ettt e et e e e e sttt e e sbb e e sb e e e e s b e e e e e nnn e e e areees 130
Figure 112: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong negative 10D years (1958, 1960, 1964, 1971, 1974, 1975, 1989, 1992, 1993, and 1996)............ 131

Figure 113: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative 10D years (1958, 1960, 1964, 1971, 1974,
1975, 1989, 1992, 1993, AN 1996) ......uueiiiiiiieeiitiiteeitete ettt e ettt ettt e e s b e et bt e st st e et n e e as 132

Figure 114: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative 10D years (1958, 1960, 1964, 1971, 1974,

1975, 1989, 1992, 1993, AN 1996) ......eueiiiiiiiieeiiiiiee ettt ettt e et et a bbbt e e as 132
Figure 115: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong positive IOD and El Nifio years (1963, 1972, 1977, 1982, 1994, 1997, and 2006)...........cccccccenee 133

Figure 116: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive IOD and EI Nifio years (1963, 1972, 1977,
1982, 1994, 1997, ANT 2006) .......eiiirieiurieritiesitte sttt sttt sttt sttt e 134

Xiv



Figure 117: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive IOD and El Nifio years (1963, 1972, 1977,

1982, 1994, 1997, QNG 2006) ......uveeieteiureesiteerieeeattee et e sttt e aabeestbeeaaseeshb e e aabeeas bt e aabe e as bt e ebe e aR bt e e be e bt eebe e beeenbeeeneas 134
Figure 118: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong negative IOD and La Nifia years (1964, 1971, 1974, and 1975) .......uueiiiriiiiiiiiiiiea e 135

Figure 119: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative IOD and La Nifia years (1964, 1971, 1974,
T Lo I K A=) TSSOSO OU ST PUPOPRTP 136

Figure 120: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative IOD and La Nifia years (1964, 1971, 1974,

Lo IR A=) TSSOSO P PSPV PP 136
Figure 121: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong positive SIOD years (1969, 1974, 1976, 1981, 1982, and 1999).........ccccceeiiiiiiiiireeeiiiiiiieeee e e 137

Figure 122: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive SIOD years (1969, 1974, 1976, 1981, 1982,
T o IR L I ) SO P PSPPSR 138

Figure 123: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong positive SIOD years (1969, 1974, 1976, 1981, 1982,
=Yg Lo IS 1L ) PO PPRRRT 138

Figure 124: Composite of annual droughts (12-month SPEI and SPI, ending in February) over southern Africa
during strong negative SIOD years (1958 @nd 1964) .......ccocuiieiiiieeiiiiee ettt e e 139

Figure 125: Composite of seasonal droughts (three-month SPEI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative SIOD years (1958, and 1964)............. 140

Figure 126: Composite of seasonal droughts (three-month SPI) over southern Africa before (top panels), during
(middle panel), and after (lower panels) the summer of strong negative SIOD years (1958, and 1964).............. 140

Figure 127: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
February) OVEr SOULNEIN AfFICA........iii ittt e et e e e e e ettt et e e e e e s stteeeeeaeeesannebeeeaaeeesansneees 141

Figure 128: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
February) OVEI SOULN ATTICA ........eeiiiii ettt e e e ettt e e e e et e e e e e e e e aab b e e e e e e e e e annbnees 141

Figure 129: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
FEDIUAIY) OVEI ANQOIA ....cooieiiiee ettt e e e e e bbbttt e e e e e e bbbt et e e e e e e nnbbeeeeaeeeeaanbnees 142

Figure 130: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
FEDIUAIY) OVEI BOUSWANE ..ot ettt ettt et e e 4o ettt e e e e e e ab b b et e e e e e e s sbbbeeeeeeesanbbbneeeeeesaannnenes 142

Figure 131: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
FEDrUary) OVEI IMABOAGASCAT .........eeiiieieieiii e e ettt e e e e et e e e e e et bt et e e e e e e e abb b e et e e e e e e anbbe et e e e e e e e anabbeeeeaeeeeannnneees 143

Figure 132: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
FEDIUAIY) OVEI IMBIAWI .....coiiiiiiiieiii ettt ettt e e e e e e bttt e e e e e e e abb bt e e e e e e e e anbbe e e e e e e e e anneneees 143

Figure 133: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
February) OVer MOZAMDIGUE .........cii ittt e ettt e e e e s abb bttt e e e e e e aa bbbt e e e e e e e e anbbbeeeeeeeeeannnnees 144

Figure 134: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
February) OVEr NAMIDIA ........ooiiiiiiiie et e e e e et e e e e e e st b et e e ee e e s s sbbeeeeaeeesassssbeaeeaesaannnrees 144

Figure 135: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
(=TT (U =10 o)V =T g I=TTo i o TR PSSPt 145

Figure 136: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
=T (U E= 10 ) o)V =T g4 T o o - VR PRSPPI 145

Figure 137: Future projections of annual drought intensity and frequency (12-month SPE and SPI, ending in
February) OVEr ZIMD@ADWE ...........uuiiiiiiiiiiii ettt e e e e et e e e e e e st ateeeeeessssbbeeeeeeeessassbsneeeeeesaannrnes 146

XV



Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

LIST OF TABLES

LiSt Of the PrOJECT ODJECIIVES ... e e e e e e e e e e e e e e e s et b e e e e e e e s snaraees 2
Description of the climate indices used in the STUAY ............oooiiiiiii e 25
A description of all GCMs used in this STUAY ...........ceiiiiiiiiiiiiee e 37
A description of RCMS USEd iN thiS STUAY .......cooiiuiiiiiiei i e e s e e 38
Description of all GCMs downscaled in RCA simulations used for this study............ccccvvviveiiiieciniieeene 67
Summary of the experiments performed with each regional climate model in the study ............cccccoueeee. 81
RegCM simulations over the forested area in €aCh SEASON ..........ccccoiiiiiiiiiiii e 88
Same as Table 7, but for WRF SIMUIALION ........uuiiiiiiiei e 89
Main products from the PrOJECES ........eeeiiiiiiiiie et e s s e 99

XVi



LIST OF ABBREVIATIONS

AAO Antarctic Oscillation

CMIP5 Coupled Model Intercomparison Project Phase 5
CORDEX Coordinated Regional Climate Downscaling Experiment
CRU Climate Research Unit

DJF December-January-February

DM1 Drought Mode 1

DM2 Drought Mode 2

DM3 Drought Mode 3

DM4 Drought Mode 4

DRC Democratic Republic of Congo

ECMWF European Centre for Medium-Range Weather Forecasts
EN3 El Nifio Type 3

EN4 El Nifio Type 4

ENSO El Nifio Southern Oscillation

ERA-Int ERA-Interim Reanalysis

GCM Global Climate Model

GWS Global Wavelet Spectrum

HAD Met Office Hadley Centre Model (HADGEM2-ES)
ICTP International Centre for Theoretical Physics

I0OD Indian Ocean Dipole

IPCC Intergovernmental Panel on Climate Change

JIA June-July-August

LN1 La Nifia Type 1

LN4 La Nifa Type 4

LP Limpopo

MAM March-April-May

MEI Multivariate ENSO Index

MPI Max Planck Institute for Meteorology Model (MPI-ESM-LR)
NS North-Eastern South Africa

Nz North-Eastern Tanzania

PCA Principal Component Analysis

PDSI Palmer Drought Severity Index

PET Potential Evapotranspiration

PF1 Principal Factor 1

PF2 Principal Factor 2

XVii



PF3 Principal Factor 3

PF4 Principal Factor 4

RCA Rossby Centre Regional Atmospheric Model
RCM Regional Climate Model

RCP Representative Concentration Pathway
RED Regionally Extensive Drought

RegCM Regional Climate Model Version 4.3

SADC South African Development Community
SGCM Stretched-Grid Global Climate Model

SIOD Subtropical Indian Ocean Dipole

SOM Self-Organising Map

SON September-October-November

SPEI Standardised Precipitation Evapotranspiration Index
SPI Standardised Precipitation Index

SST Sea Surface Temperature

TNA Tropical Northern Atlantic Ocean

TTT Tropical Temperate Troughs

UDEL University of Delaware

UK United Kingdom

USA United States of America

WPS Wavelet Power Spectrum

WRF Weather Research Forecasting Model Version 3.1.1

XViii



1 INTRODUCTION
1.1  Motivation

Drought is a natural hazard with severe socio-economic impacts in many southern African countries. It
is a threat to water management, water-dependent activities and livelihoods in southern Africa. Impacts
of drought are usually severe in communities where the socio-economic activities of the people depend
on the of availability of water in surface and subsurface sources. Of particular concern are regionally
extensive droughts (REDs), which produce widespread impacts that cannot be compensated by the
redistribution of water, food and energy production from other parts of a resource system.

Drought can have transnational and multifaceted impacts. In 1991 and 1992, drought-depleted
groundwater reservoirs reduced the fresh water availability and forced people to use water from
unprotected sources. As a result, many people suffered from cholera, diarrhoea and dysentery (Calow
et al. 2010), and more than 90% of small inland dams in the eastern part of southern Africa dried up
(Jury and Mwalifurwa 2002). The drought was also associated with widespread food shortages across
the affected region.

With more than 60% of southern Africa vulnerable to drought, changes in characteristics (such as
frequency, intensity, duration and spatial extent) of large drought events would have serious
consequences for regional water, food and energy security. The focus of previous studies on droughts
has largely been within South Africa (e.g. Rouault and Richard 2003) with a minimal exploration of the
coherence of REDs in southern Africa. Meanwhile, the devastating impacts of REDs in 1991 and 1992
call for better understanding of the spatial and temporal characteristics of REDs. This project squarely
addresses this need.

Few studies have investigated the characteristics of droughts in southern Africa. Richard et al. (2001)
showed that countries in southern Africa experienced more intense and more widespread droughts from
1979 to 1988. Rouault and Richard (2003) established the existence of decadal variability in the spatial
extension and intensity of droughts in South Africa and found that wet years had enhanced since the
1970s. Rouault and Richard (2003) also found that the number of dry districts in South Africa had
increased, but there was still a substantial decadal variability. However, all these previous studies used
either rainfall anomalies or the Standardised Precipitation Index (SPI) to characterise the droughts.
Since they did not include evapotranspiration in characterising the droughts, they might have under-
estimated the intensity and spatial coverage of the droughts. For instance, suppose a given area
receives the same amount of rainfall during two different seasons under different temperatures, it is
likely that the region will be drier during the warmer season due to a higher evapotranspiration. Vicente-
Serrano et al. (2011) introduced a new a multiscale drought index, namely, the Standardised
Precipitation Evapotranspiration Index (SPEI), which accounts for the influence of potential evapo-
transpiration in characterising droughts at various scales. However, no study has used SPEI to
investigate characteristics of southern African droughts. The present project fills that gap.

The mechanisms that induce droughts in southern Africa remain unclear. Rouault and Richard (2005)
suggested that the El Nifio Southern Oscillation (ENSO) might play a crucial role on South African
droughts because most of the severe droughts that occurred in South African during the period 190117
2004 were associated with ENSO events. Richard et al. (2001) found that some ENSO events (e.g. in
19977 1998) were not accompanied by droughts over southern Africa. Many studies argued that other
general circulations may have a strong influence on southern Africa droughts as well (Fauchereau et
al. 2003; Jury and Mwafulirwa 2002; Manatsa et al. 2008, Manatsa and Matarira 2009; Manatsa et al.
2012). Nevertheless, no studies have investigated the mechanisms that induce REDs in southern Africa
or considered whether the models associate REDs with the correct regional or global forcing. The
present project examines the regional and global atmospheric features that induce the REDs in
observations and climate models.



As many studies continue to show that drought severity can increase with temperature (Dai et al. 2004;
Dai 2011; Sheffield and Wood 2008; Vicente-Serrano et al. 2010a; Washington and Preston 2006),
there is a concern that the ongoing global warming may increase the severity of droughts in southern
Africa. Climate change projections suggest a decrease in mean rainfall and an increase in evapo-
transpiration across much of subtropical southern Africa (e.g. Christensen et al. 2007; Engelbrecht et al.
2009; 2011). A better understanding on how this may influence future characteristics of REDs over the
regional will foster stronger collaborations among the Southern African Development Community
(SADC) countries on how to mitigate impacts of REDs on socio-economic activities in the future. The
present project is in that line.

Hence, the aim of the project was to study the characteristics of REDs over southern Africa (using SPEI
to identify the droughts), mechanisms that control REDs, and impacts of future climate change on
REDs. We analysed observation and climate simulation data sets to achieve the aim. Overall, the
project has five main objectives as listed in Table 1.

Tabl:eslti of the project objectives

No. Description Chapter(s)

1 Obtain a better characterisation of droughts over southern Africa by using a 2,7
drought index that is based on climate moisture balance and identify REDs

2 Understand the mechanisms by which remote and local forcing of drought are 3
translated into climate moisture deficits

3 Evaluate abilities of climate models to represent REDs and the associated 4,5
mechanisms

4 Understand the potential impacts of climate change on REDs in southern Africa 5
5 Examine the potential impacts of droughts in southern Africa 6
1.2 Basis

One of the major obstacles in drought monitoring is the lack of a unique and universal definition for
drought. This has led to a variety of drought indices in the past century. Droughts are generally classified
into four types, namely, meteorological, agricultural, hydrological and socio-economic droughts (Mishra
and Singh 2010). The drought indices are used specifically to assess one or two drought types. For
instance, the Standardised Run-off Index, Palmer Reclamation Drought Index, Hydrological Drought
Index, Surface Water Supply Index and Palmer Drought Severity Index (PDSI) are mainly used to
monitor hydrological drought. The Vegetation Condition Index, Crop Moisture Index, and Drought
Monitor are mainly used to monitor agriculture drought. The Percentage of Normal, SPI, Deciles and,
more recently, the SPEI are used for meteorological drought. The socio-economic drought is a more
complex concept to quantify; hence, no index has been defined to monitor it yet.

The most used drought index is the PDSI (Palmer 1965). It employs precipitation, evapotranspiration,
soil moisture and temperature in determining moisture supply and demand (Mishra and Singh 2010).
Modified versions of the PDSI have been introduced and adapted to monitor different types of drought
(i.e. Palmer Hydrological Drought Index in Karl 1986; modified PDSI in Heddinghaus and Sabol 1991,
the self-calibrated PDSI in Wells et al. 2004; and the Crop Moisture Index in Palmer 1968). However,
the major weakness of the PDSI is that its temporal scale is limited from nine to 12 months (Sivakumar
et al. 2011; Vicente-Serrano et al. 2010a; Vicente-Serrano et al. 2011).



SPI, a multiscale drought index developed by Mckee et al. (1993), is another popular drought index for
detecting meteorological and agricultural drought at the three- and six-month scales, as well as
hydrological drought at the six-, 12-, 24- and 48-month scales (Hayes et al. 1999; Vicente-Serrano and
Lopez-Moreno 2005; Vicente-Serrano et al. 2010a; 2010b). SPI can detect wet and dry events occurring
simultaneously at different time scales. However, the main shortcoming of SPI is that it uses only one
climate variable, namely, rainfall for monitoring droughts (Sivakumar et al. 2011; Vicente-Serrano et al.
2011). It assumes rainfall has a stronger influence on droughts than other climate variables such as
temperature, wind speed, wind direction and potential evapotranspiration; hence, these variables are
neglected. Meanwhile, other climate variables such as temperature, wind, and humidity have been
shown to have equal, if not more important, influence on drought (Dai 2011).

However, to overcome the shortcomings of SPI, Vicente-Serrano et al. (2010a) proposed a new drought
index, namely, the SPEI, which depends on the potential evapotranspiration (PET). SPEIl is a
modification of the SPI. SPEI accounts for the effect of temperature variability in monitoring droughts at
different time scales. As a result, SPEI has the capability to detect the temporal and geographical extent
of droughts. This makes it a very good tool for drought monitoring and for accessing the future impact
of global warming on droughts. The present project adopted SPEI in characterising southern African
droughts.

1.3 Outline

This report first presents the spatial and temporal characteristics of REDs as observed over southern
Africa (Chapter 2), then analyses relationships between the REDs and various large-scale atmospheric
teleconnections (Chapter 3). It switches to the results of the climate models with Chapter 4 evaluating
the capability of the models to simulate the characteristics of the droughts and the relationship between
the droughts and the large-scale global climate indices. Chapter 5 projects the degree to which
anthropogenic emissions may alter the characteristics of the droughts in the future climate, while
Chapter 6 shows the potential impacts of land-use changes on droughts over the subcontinent in the
future. Chapter 7 presents the new drought monitoring system over southern Africa. Concluding
remarks and further discussions of possible implications of the results are given in Chapter 8. The lists
of project outputs are included in the Bibliography.



2 CHARACTERISTICS OF REDs OVER SOUTHERN AFRICA
2.1 Introduction

Drought is a recurring extreme climate event characterised by below-normal moisture availability over
a period of months to years. However, most previous studies on southern African droughts (e.g. Richard
et al. 2001; Rouault and Richard 2003) have used either rainfall anomalies or the SPI to characterise
droughts. Since they did not include evapotranspiration in characterising droughts, these studies might
have underestimated the intensity and spatial coverage thereof. In addition, the emphases of the
previous studies have been on droughts within South Africa, despite the devastating impacts of REDs,
especially in 1991 and 1992. Hence, to fill these gaps, this study presents the characteristics of droughts
over the entire southern Africa using the SPEI, a multiscale drought index based on the climate water
balance (i.e. precipitation minus potential evaporation).

All the results presented in this chapter are based on analysis of the observation data sets. The
descriptions of the data sets and the methods used in analysing the data sets are given in Section 2.2.
The results of the analyses are discussed in Section 2.3 and Section 2.4. Section 2.3 focuses on drought
modes, while Section 2.4 concentrates on drought patterns. A concluding remark is given in Section
2.5. For a more comprehensive and technical discussion of the results, readers are referred to Ujeneza
and Abiodun (2014), Meque (2015), and Meque and Abiodun (2017).

2.2 Data and Methods

2.2.1 Data

Two gridded climate observation data sets (consisting of monthly precipitation and temperature data)
were analysed over the southern African region (0°Ei 45°E, 2°Si 37°S; Figure 1). The first data set was
obtained from the Climate Research Unit (CRU) version 3.0 (Mitchell and Jones 2005). The CRU data
set is based on station data regridded to a 0.5° x 0.5° spatial resolution. The second data set was
obtained from the University of Delaware (UDEL) (Legates and Willmott 1990). However, most of our
analyses used the CRU data set. We only used the UDEL data set to examine the sensitivity of the
results in some cases.
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2.2.2 Characterising droughts using the SPEI

We employed the SPEI developed by Vicente-Serrano et al. (2010a; 2010b) to characterise droughts
over southern Africa. The SPEI is similar to the SPI (McKee et al. 1993), which is one of the most
common drought indices currently in use worldwide. However, while the SPI requires only monthly
rainfall totals for computation, the SPEI requires potential evapotranspiration in addition to rainfall. The
inclusion of potential evapotranspiration in the SPEI computation is believed to take the global warming
effect into account, which yields better results in terms of drought identification.

The SPEI been being used to study drought over different regions around the world (e.g. Abiodun et al.
2013; McEvoy et al. 2012; Tao et al. 2014), including our study area (e.g. Araujo and Abiodun 2014).
The index is usually obtained by fitting a log-logistic (Gamma or Pearson Ill) distribution to climatic water
balance (D), which is the relationship between precipitation and PET. The value of SPEI typically ranges
from T 3 to 3 in depicting the intensity of dryness (drought; negative values) to wetness (positive values).
For more details on how to calculate SPEI, readers are referred to Vicente-Serrano et al. (2010). For
our study, the SPEI library (Begueria and Vicente-Serrano 2013) in the R software was used to compute
the SPEI over each grid point in southern Africa at three- and 12-month scales using the Thornthwaite
(1948) method, which uses monthly mean temperature for calculating PET. A more physically based
method to calculate the PET (such as the Penmani Monteith) may be preferable, but the Penmani
Monteith equation requires more data (e.g., wind speed and solar radiation) for its computation;
unfortunately, these data sets are not available over our study area.

2.2.3 ldentification of REDs

To identify the REDs, we used two approaches to analyse the spatial coherence of the southern African
droughts. The approaches are the Principal Component Analysis (PCA) and Self-Organising Maps
(SOMs). Using two approaches helped us establish the robustness of the RED characteristics.
However, for clarity sake, the REDs identified using PCA will be called drought modes while those
obtained with SOMs technique will be designated as drought patterns.

The PCA, which reduces the dimensionality of a data set and uncovers hidden structures in the data
set, has been used in many studies to extract useful information from huge or confusing data sets (i.e.
Giannini et al. 2008; Manatsa et al. 2012; Richard et al. 2001). PCA first computes the co-variance
matrix of a standardised normalised variable (e.g. SPEI) and then computes the eigenvectors and
eigenvalues of the co-variance matrix. The eigenvectors are therefore ordered according to the
magnitudes of their associated eigenvalues. The first principal factor is the eigenvector that has the
highest magnitude, and hence, represents the mode with the highest variance in the data set. Since
PCA is a non-parametric method, it can be used on data with any distribution. In our study, we used
PCA with the varimax rotated option to identify the spatial coherence (modes) in temporal variability of
the SPEI. Previous studies (Jolliffe 1995; Jolliffe et al. 2003; Richman 1986) have been shown that
rotated PCA increases physical relevance and interpretation of PCA. The rotated PCA was applied
separately on the SPEI data, and the first four principal factors of the PCA (hereafter, PF1, PF2, PF3
and PF4) were retained and discussed as the most significant drought modes (hereafter, DM1, DM2,
DM3 and DM4, respectively).

The SOM algorithm, a class of unsupervised neural networks, objectively clusters objects according to
their similarity and, therefore, reduces the dimensionality of a given data set (Agarwal and Skupin 2008;
Oettli et al. 2014). It is similar to the k-means clustering method (Everitt et al. 2011), but unlike in the
k-means, the SOM algorithm creates an order between the units. For instance, Node 2 ina 3 x 4 SOM
array is close to Node 1 and Node 3, showing a clear transition between them; but the same notion is
not valid in the k-means clustering where the relationship between different clusters is not indicated
(Agarwal and Skupin 2008; Wehrens 2011). Using the SPEI values as the input data, the SOM analysis
was performed with the SOM_PAK 3.2 software (Kohonen et al. 1995). The SOM_PAK software was
freely obtained from the Helsinki University of Technology (http://www.cis.hut.fi/research/som_pak/).
Although the choice of the number of SOM nodes is subjective (Brown et al. 2010; Cavos 1999), we
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reasoned that 12 SOM archetypes (3 x 4) were adequate to describe the main drought patterns in
southern Africa and, moreover, the same array was previously used for the same area of study by
Tadross et al. (2005), Mackellar et al. (2010) and Maure (2013).

2.2.4 Wavelet analysis

We applied wavelet analysis to study the temporal characteristic of the drought modes. The wavelet
analysis and spectral analysis are two widely used methods for studying the time series of climate
variable in frequency domain (Farge 1992; Labat 2005). Here, we used wavelet analysis instead of
spectral analysis because wavelet analysis has various advantages over the spectral analysis in
preserving local, non-periodic, multiscaled features. For instance, wavelet analysis can be used to study
variability at different scales and does not need a stationary series (Ideido and Santos 2005). It has
been used to uncover periodic cycles in rainfall data (Jury and Enfield 2002; Jury and Mwafulirwa 2002),
to compare different drought indices (Ntale and Gan 2003), to study interannual variability of sea surface
temperatures (i.e. Rao et al. 2002), to examine the link between the variances of ENSO and monsoon
(Torrence and Webster 1999), and to investigate the influence of ENSO and the Indian Ocean Dipole
(IOD) on summer rainfall in Zimbabwe (Manatsa and Matarira 2009). In the present study, we used the
wavelet analysis to uncover periodic cycles in the principal factor scores (i.e. time series) and used the
wavelet coherence to study the link between each score and climate indices.

2.3 Characteristics of Drought Modes Over Southern Africa

2.3.1 The spatial characteristics

The PCA results for the three- and 24-month SPEI, respectively, are presented in Figure 2 and Figure
3. The loadings of the first four principal factors (i.e. PF1, PF2, PF3 and PF4) are presented to show
the most dominant drought modes (i.e. DM1, DM2, DM3, and DM4). The principal factors jointly explain
46% and 50% of the total variance in the three- and 12-month SPEI, respectively. However, the drought
modes have different spatial-temporal structures.

DMZ1, which explains 13.9% in the three-month SPEI and 19.1% in the 12-month SPEI, shows its core
(highest positive loading: 0.8) over south-west southern Africa (i.e. over the border of South Africa,
Botswana and Namibia) (Figure 2). This is the driest area in southern Africa with an annual rainfall of
less than 400 mm (Richard and Poccard 1998). Various studies have reported drought occurrence over
this area (Nash and Endfield 2002; Nicholson et al. 2001; Thomson et al. 2003; Usman and Reason
2004). The correlation between DML (i.e. PF1 score) and the SPEI series over the area is high (r > 0.9).

DM2 explains 12.2% and 9.5% variance in three- and 24-month SPEIs, respectively, and shows its core
(highest positive loading: 0.8) over Zimbabwe but negative loadings (about 17 0.8) over the Western
Cape. The correlation coefficient between DM2 and SPEI series over Zimbabwe is high (r > 0.8).

DM3 explains about 11% variance in three- and 12-month SPEIs and shows its core (highest positive
loadings: 0.8) over Tanzania but negative loadings (about 1 0.3) over the south-eastern part of southern
Africa. The correlation between the DM3 and SPEI series over Tanzania is high (r = 0.88).

DM4 explains about 9% and 10% variance in three- and 12-month SPEIs, respectively, and shows
positive loadings (about 0.7) over Angola but negative loadings (about 1 0.3) over the south-eastern
part of southern Africa. There is a strong correlation (r > 0.8) between the DM4 score and the SPEI over
Angola.

Since the principal factors are orthogonal, the temporal characteristics of the four drought modes differ,
meaning that each drought mode is unique. This suggests that the drought modes may be driven by
different sets of atmospheric processes. These processes are discussed in Chapter 3.
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To test the robustness of drought modes, we compare the SPEI drought modes with the PDSI drought
modes in Figure 4. The figure shows a good agreement between drought modes obtained with the two
drought indices (SPEI and PDSI). For example, the percentage of total variance of the four principal
factors is almost the same in both cases and the structures of the drought modes are similar. The major
difference is in DM4. While the peak of DM4 is located over Angola in the SPEI results, it is located
over the Democratic Republic of Congo (DRC) in the PDSI results (Figure 4).
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2.3.2 Temporal variability and structure of the drought modes

Each drought mode features decades of continuous dry and wet conditions (Figure 3). DM1 features
wet conditions in most of the first three decades (19407 1979) of the study period and dry conditions in
most of the last three decades (198071 2009). However, the peaks of the dry conditions (droughts) are
in the 1940s, 1980s, 1990s and 2000s.

Unlike DM1, DM2 frequently and uniformly alternates the wet and dry conditions over the study period
(19401 2009). Hence, DM2 features short drought episodes in each decade.



With DM3, the main droughts (centred over Tanzania) occurred in the decades of the 1940s, 1950s,
1960s, 1990s and 2000s. The wet and dry conditions over Tanzania are evenly distributed within the
study period, but the droughts showed the highest intensities and longest durations in the first and last
two decades (i.e. 19407 1960 and 1980i 2000).

Finally, with DM4 (centred over Angola), the main droughts occurred in the decades of the 1940s, 1970s
and 1980s, with a near normal condition in the period from 2000 to 2009.

Figure 5 presents the decadal drought frequency of the drought modes (i.e. the number of months per
decade in which the core area of the drought mode experienced at least a moderate drought;
SPEI <1 1.0). The decadal drought frequency generally decreases from the 1950s to the 1970s and
increases from the 1970s through the 2000s. However, there are some notable differences among the
drought modes on the drought frequencies. For instance, with the three-month scale (Figure 5a), the
drought modes featured their minimum drought frequency in different decades. While the minimum
drought frequency of DM1 occurred in the 1950s, that of DM2 and DM3 occurred in 1960s and 1970s,
respectively. The decade for the maximum drought frequency also differs. DM1 featured the maximum
drought frequency in the 1990s, but DM3 and DM4 featured it in the 1980s and 2000s, respectively.
The differences among the drought modes are more pronounced at 12-month scale than at three-month
scale. Nevertheless, the general increase in decadal drought frequency since 1970 (at both three-month
and 12-month scale) is consistent with the Intergovernmental Panel on Climate Change (IPCC) (2007)
report, which attributed the increase to global warming.
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Figure 6 presents the wavelet power spectra (WPS) and the global wavelet spectrum (GWS) of the
principal factors scores (for three-month SPEI) to reveal temporal cycles in the temporal variability of
the drought modes. The scores are characterised by different cycles with different power. In general,
the most significant power is in the two- to eight-year cycles. There is also significant power in the less
than one-year cycles; but, since these cycles represent the subseasonal to seasonal scale variations,
they will not receive our attention in this study.

In DM1 (Figure 6a), the GWS shows the highest variance for the 16-year cycle. This cycle continuously
features high power (> 0.5 GWS) from 1940 to 1990 but has small power (< 0.5 GWS) after 1990,
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suggesting that the cycle may play a weak role in the post-1990 DM1 droughts (Figure 4a). On the other
hand, the two- to eight-year and 35-year cycles show significant power during the post-1990 droughts.
The 35-year cycle shows significant power since 1975, while the two- to eight-year cycles show
significant power in the 1940s, 1970s, 1990s and 2000s. Although, in GWS, these cycles have lower
power than the 16-year cycle period, they may contribute significantly to the intensification of DM1
droughts after 1990.

The GWS and WPS of DM2 show similar structures to that of DM1, but with some notable differences
(Figure 6b), especially in the structure two- to eight-year cycles. For instance, the DM2 GWS shows a
local peak for the two- to eight-year cycles, and the DM2 WPS two- to eight-year cycles show significant
power in the 1950s and 1980s, instead of the 1940s and 1970s in DM1 WPS. Nevertheless, the post-
1990 structure of the two- to eight-year cycles is the same in DM1 and DM2.

The GWS and WPS of DMS3 differ from those of DM1 and DM2. First, the GPS shows two peaks: a
higher peak for the 32-year cycle and a lower peak for the two- to eight-year cycle. The two- to eight-
year cycle shows its most significant powers (> 2 GWS) before 1970 and its least power (< 0.5 GWS)
after 1990.

The GWS of DM4 shows a peak for the eight-year cycle, which exhibits continuous power anomalies
between 1940 and 1990, and significant power for the two- to four-year cycles in 1940s and 1980s.
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2.4  Characteristics of Drought Patterns Over Southern Africa

2.4.1 Spatial distribution

Figure 7 presents the SOM classification (3 x 4 nodes array) of SPEI over southern Africa to depict the
major drought patterns over the subcontinent. As expected of any SOM result, the nodes at the four
edges of the array (i.e. Nodes 1, 4, 9 and 12) show the most extreme patterns, while other nodes feature
patterns that provide a continuous transition among the four extreme patterns. Node 1 shows a
widespread dry condition (negative SPEI) over the entire southern Africa, except along the tropical
eastern coast (north-eastern Mozambigue and eastern Tanzania) and south-western tip of South Africa.
However, the core of the dry conditions (SPEI < 11.0) is over the Caprivi Strip (northern Botswana,
north-eastern Namibia, south-eastern Angola and south-western Zimbabwe).

In contrast to Node 1, Node 12 shows a wet condition (positive SPEI) over the entire southern Africa,
and the core of the wet condition (SPEI > 1.0) is located over northern Botswana. Node 9 shows a
dipole pattern, with dry conditions located north of 20°S and the wet condition located south of 20°S.
The core of the dry condition extends from northern Mozambique to southern DRC, while the core of
the wet condition is over the Drakensberg mountain ranges (in Lesotho).

Node 4 is a mirror image of Node 9, except that the core of the wet condition extends from Mozambique
to Tanzania while the core of the dry condition is over the northern part of South Africa. The most
frequent drought patterns are Node 3 and Node 12, each accounting for about 11% of the data set. The
driest drought pattern is Node 1 (i.e. the mean SPEI = 1 0.53) while the wettest drought pattern is
Node 12 (i.e. mean SPEI = +0.53).

In general, the drought patterns may also be broadly classified into three conditions: the all-dry patterns
(Nodes 1, 2, 5, and 6), the all-wet patterns (Nodes 7, 8, 11 and 12) and the dipole patterns (Nodes 3,
4, 9 and 10). To check the robustness of the RED patterns, we repeated the SOM analysis separately
for each season, i.e., December-January-February (DJF), March-April-May (MAM), June-July-August
(JJA) and September-October-November (SON). The classification of the drought patterns for each
season (not shown) roughly remains the same as in Figure 7, especially the nodes at the four edges of
the array (i.e. Nodes 1, 4, 9 and 12).

We found a good agreement between the SOM drought patterns (Figure 7) and the PCA drought modes
(Figure 2). All four drought modes (DM1, DM2, DM3 and DM4) in Figure 1 appear in the 12 drought
patterns shown in Figure 6. For instance, the DM1 roughly corresponds to Node 2 and Node 11, the
DM2 to Node 5 and Node 8, the DM3 to Node 4 and Node 9, and the DM4 to Node 6 and Node 7.
Nevertheless, some of the drought patterns are missing in the drought modes. For instance, the patterns
of Node 1 and Node 12, which depict dry and wet conditions (respectively) over the entire southern
Africa, are not in the drought modes. In addition, Node 7 that features a wet/neutral condition is also
missing in the drought modes. This may be because the PCA classification only accounts for 50% of
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the SPEI variations over southern Africa. Hence, the drought patterns classification may provide more
robust and more extensive characteristics of the REDs than what the drought modes provide.
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2.4.2 Temporal variations of the SOM drought patterns

Figure 8 shows the seasonal variation of the drought patterns (presented in Figure 7) and reveals that
the drought patterns (except Node 5) can feature in any season. However, each drought pattern has
preference for a season. Node 1 has preference for austral autumn (MAM; eight events), while Node 12
has preference for austral winter (JJA; 12 events). Node 10 has its highest frequency in austral spring
(SON; ten events), while Node 4 and Node 9 mostly occur in summer (DJF; six and eight events,
respectively). Conversely, Node 5 does not occur in summer (DJF), Node 6 rarely occurs in autumn
MAM (one event), while Node 10 and Node 11 hardly feature in austral winter (JJA; one event each).

The decadal frequency of the drought patterns (Figure 9) suggests a general shift in drought patterns:
from all-wet patterns (in the earlier three decades, i.e. 19507 1970) to all-dry patterns (in the last three
decades, 19907 2010). For instance, there has been a positive trend (increase) in the decadal frequency
of Nodes 2, 5 and 6 since 1960, but a negative trend (decrease) in the decadal frequency of Nodes 2,
8 and 12. While Nodes 2 and 6 have been the most dominant drought pattern since 1990, Nodes 8 and
12 have not occurred since 1990. However, there is no trend in the decadal frequency of the dipole
patterns. Figure 9 also show that the drought patterns have their maximum decadal frequency in
different periods. For example, Nodes 1 and 9 feature their maximum decadal frequency in 1990 (nine
and six events, respectively), Node 11 in 1950 (nine events), and Node 3 in 1980 (nine events).
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2.4.3 Sensitivity to data sets

mber

mber

To investigate the sensitivity of decadal variability results to data sets, we repeated the SOM analysis
using another observation data set obtained from the UDEL (Legates and Willmott, 1990). The results
for the UDEL data set (shown in Figure 10) are generally the same as for the CRU data set. For
instance, the spatial distribution of the extreme drought patterns is the same as for the CRU data set
(except for the different arrangement of the patterns), and the percentage frequency of the patterns is
comparable with the corresponding patterns of the CRU data set. More importantly, the UDEL data set
agrees with CRU data on the shift in southern African drought patterns, from all-wet patterns (in the
earlier three decades, i.e. 19507 1970) to all-dry patterns (in the last three decades, 19901 2010). For
instance, UDEL data shows that while Node 12 has been dominant since 1990, Node 1 has not featured
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since 1990. The few differences seen between UDEL and CRU results might be due to the difference
in time coverage as UDEL data covers 19501 2010 and CRU data covers 1950i 2013.

2.4.4 Sensitivity to drought indices

To examine the influence of evaporation on drought patterns, we repeated the SOM analysis using SPI
data (which uses only rainfall to monitor droughts). The SPI was computed according to Mckee et al.
(1993) using the CRU rainfall data. The results (Figure 11) show that the drought patterns from SPI are
similar those from SPEI (compare Figure 6 and Figure 11). For example, in agreement with SPEI, the
SPI indicate that the drought patterns may also be broadly classified into three groups: the all-dry
patterns (Nodes 3, 4 and 7), the all-wet patterns (Nodes 6, 9, and 10) and the dipole patterns (Nodes
1,2,3,5,8,11 and 12).

In addition, the percentage contribution of each SPI drought pattern in Figure 11 is comparable to its
corresponding SPEI drought pattern in Figure 7. However, the decadal variability of the SPI drought
patterns differs from that of SPEI, at least in three ways. First, the SPI does not reproduce the general
shift in the southern African drought patterns from all-wet patterns to all-dry patterns. Second, in contrast
to the SPEI, SPI shows that the all-wet patterns (Node 9 and 10; Figure 11) have occurred more than
ten times in the last decades. Third, SPI has not featured the driest drought pattern (Node 4; Figure 11)
since 2000, whereas, SPEI has feature it seven times. The comparison of SPEI and SPI results
suggests that the general shift in the southern African drought pattern may be due to influence of evapo-
transpiration on the drought identification; the shift is consistent with the impact of global warming on
the southern African climate (i.e. Tadross et al. 2005). Hence, the comparison further provides
compelling evidence that inclusion of temperature in drought monitoring (i.e. in drought index) may give
a better understanding of the characteristics and dynamics of southern African droughts.
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2.4.5 Persistence and transition of the drought patterns

Figure 12 shows that the general shift in the drought patterns (i.e. from all-wet to all-dry patterns)
features in all seasons, although it is most remarkable in austral winter (JJA) and least notable in austral
summer (DJF). No season has featured an all-wet pattern (e.g. Node 12) in the last three years (20111
2013), meaning that each season has experienced either a persistently dry condition or a dipole
condition, or a transition between the two conditions during this period. This suggests that the
subcontinent has been experiencing a nett drying condition over the period.

At the interseasonal scale (Figure 12a and Figure 12b), although no drought pattern has persisted for
a whole year, some drought patterns have persisted for more than a season (Figure 12a). In this regard,
Nodes 7 and 4 have the longest length of persistency. They persisted for three seasons (DJF, MAM
and JJA) in 1966 and 1986, respectively. However, Node 12 has the highest number of persistency; it
persisted eight times (i.e. about 30% of its total occurrences). On the other hand, Node 10 has the
smallest number of persistency (only once), making it is the most transient drought pattern. However,
each drought pattern has particular drought patterns it can transit to and those it may not transit to
(Figure 12b). The most common transition is from Node 10 to Node 11, and from Node 11 to Node 12.
Each of these transitions occurred seven times in the past. Hence, there is a 30% possibility that
Node 10 will always transit to Node 11, and about a 40% probability that Node 11 will always transit to
Node 12. However, Node 10 has never transited to Node 4 or to Node 8, while Node 11 has never
transited to Nodes 1, 2, 4, 6 or 9. In addition, there is a possibility for a two-way transition between two
extreme drought patterns. For instance, there is one case of Node 1 transiting to Node 12 and five
cases of Node 12 transiting to Node 1.

At an interannual scale (Figure 12a and Figure 12c), Node 12 still has the highest number of persistency
(six cases), but four nodes (Nodes 5, 8, 10, 11 and 12) have the longest period of persistency. Node 10
persisted for three austral spring periods (19531 1955), Nodes 12 and 5 persisted for three austral winter
periods (19531 1955 and 20011 2003, respectively), while Node 11 lingered for three austral autumn
periods (19537 1955).
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Among the drought patterns, only Node 4 never featured any interannual persistency. However, the
interannual transition among the drought patterns is less organised than that of the seasonal transition.
The most common interannual transition is from Node 5 to Node 12; it has occurred six times in the
past. The dynamics behind the transition and persistence of the drought pattern is not yet clear and is
beyond the scope of present study, but a good understanding and application of the persistency and
transitioning may help improve the seasonal and interannual forecasts of droughts over southern Africa.

2.5 Conclusion

In the chapter, we have discussed the spatiotemporal characteristics of southern African droughts. We
used SPEI to characterise the droughts, rotated PCA to obtain the four dominant drought modes (or
modes), and the SOM technique to classify the spatial distribution of the droughts into 12 major patterns.
The results can be summarised as follows:

1 The PCA results revealed that about 50% of SPEI variance over southern Africa can be represented
with four main drought modes. The drought modes (DM1, DM2, DM3 and DM4) feature their
maximum variance over the south-western part of southern Africa (i.e. the common border of South
Africa, Botswana and Namibia), Zimbabwe, Tanzania, and Angola, respectively.

1 The SOM analysis suggests that the drought patterns can be generally classified into three groups.
The first group (all-dry patterns) shows a dry condition over the entire southern Africa, the second
group (all-wet patterns) shows a wet condition over the whole region, and the third group (dipole
patterns) shows both wet and dry conditions over the subcontinent.

1 The SOM drought patterns may give a more robust characteristic of the RED than the PCA drought
modes; all the PCA drought modes fall within the dipole patterns of the SOM classification.

9 Although the drought patterns can occur in any season, some drought patterns have preference for
seasons. While some droughts patterns persist from season to season, others easily transit to
another pattern in the following season.

I The decadal variability of SPEI drought patterns suggests a general shift in the southern African
drought, from an all-wet condition in 1950si 1970s to all-dry condition in 1990 possibly due to the
global warming.

I Thereis a good agreement between the SPEI and SPI drought patterns, but the SPI drought patterns
do not feature the general shift in the southern African drought, from all-wet condition all-dry, a
general shift in the southern African drought, from all-wet condition in 1950si 1970s to all-dry,
suggesting that SPI may underestimate the influence global warming on the droughts.
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3 PHYSICAL MECHANISMS CONTROLLING REDs
3.1 Introduction

The cause of variability in southern African droughts remains controversial. While some studies
suggested that the rainfall variability is mainly influenced by the ENSO (Fauchereau et al. 2003;
Makarau and Jury 1997; Mason 2001; Misra 2001; Philippon et al. 2011), some studies found no
relationship between the southern African winter rainfall and ENSO (Blamey and Reason 2007; Reason
and Rouault 2005). Many studies have shown that other general circulations may as well have stronger
influences on southern African rainfall. For instance, the 10D is said to have a strong relationship with
seasonal rainfall over Zimbabwe (Manatsa et al. 2008) and southern African summer rainfall
(Fauchereau et al. 2003; Manatsa and Matarira 2009; Manatsa et al. 2012). Jury and Mwafulirwa (2002)
found that the quasi-biennial oscillation influences Malawian summer rainfall. Furthermore, Reason and
Rouault (2002) and Reason et al. (2002) found a link between western South African winter rainfall and
the Antarctic Oscillation (AAO) and central south Atlantic sea surface temperature (SST). The lack of
agreement among previous studies on the causes of southern African droughts calls for more studies
on understanding the atmospheric dynamics that modulate drought occurrence and severity over the
region. The present study employs a drought index (that incorporates the influence of rainfall and
potential evaporation) in investigating the influence of atmospheric teleconnection on the southern
African droughts, with an emphasis on the REDs.

In Chapter 2, we identified REDs over southern Africa using SPEI, and described the spatial and
temporal characteristics of the REDs (i.e. drought modes and patterns). In this chapter, we discuss the
physical mechanism that control REDs over southern Africa. The discussion is in three parts. In the first
part (Section 3.2), we investigate the link between ENSO and spatial distribution of summer droughts
(SPEI). In the second part (Section 3.3), we present the influence of teleconnections on the drought
modes, and in the third part (Section 3.4), we discuss the role of the teleconnection on the drought
patterns over southern Africa. The data and methods used to obtain the results are described in each
section. A more comprehensive and technical discussion of the materials presented in this chapter can
be obtained in Meque and Abiodun (2014), Ujeneza and Abiodun (2014), Meque (2015), and Meque
and Abiodun (2016).

3.2 The Link Between ENSO and Summer Drought in Southern Africa

The CRU observation data set and the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim Reanalysis data set (ERAINT) (Dee et al. 2011) were analysed for the study.
We calculated the SPEI separately for each data set over the study period. To assess the impact of
ENSO on droughts across southern Africa, we used the Multivariate ENSO index (MEI) (Wolter and
Timlin 2011) as a proxy of El Nifio and La Nifia years. The MEI data for the study period were obtained
from the NOAA Earth System Research Laboratory website (http://www.esrl.noaa.gov/psd/enso/mei/
table.html). The MEI is a bimonthly ENSO index based on six variables (pressure, zonal and meridional
winds, SSTs, surface air temperature and total cloudiness fraction) observed over the tropical Pacific
region. Positive MEI values represent El Nifio conditions, while negative MEI values indicate La Nifia
conditions. El Nifio and La Nifia years were identified as seasons in which the index was +0.5 above
and 1 0.5 below, respectively.

The MEI has been previously applied to study the connection between ENSO and drought in many
parts of the world (e.g., Andrews et al. 2004; Hallack-Alegria et al. 2012) including our study region
(e.g., Fauchereau et al. 2009; Boulard et al. 2013). Correlation analysis (Wilks 1995) is one of the most
common methods used to study the relationship between two variables. We performed the correlation
between SPEI values and MEI values. The correlation is performed between DJF MEI and SPEI values
over southern Africa (Figure 13). Further analysis was performed over the three selected areas (see
Figure 13): Limpopo area (LP: 27°1 32°E, 20°1 25°S), North-eastern South Africa (NS: 19°1 25°E, 30°1
26°S) and over north-eastern highlands of Tanzania (TZ: 35° 39°E, 5°1 2°S).
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3.2.1 ENSO and drought coverage over Southern Africa

Figure 14 shows a strong correlation between ENSO and droughts over southern Africa in CRU and

ERAINT data sets. In CRU (Figure 14a), the correlation between ENSO and SPEI shows a marked

dipole pattern over southern Africawi t h positive values (r O 0.6) over tF
(northof15°S) and negat il .6} over thé sulerepicdl area Gouth of 15°S). The correlation

is weak (r = £0.3) over the western part of the tropical area. It is also weak over the south-western tip

of southern Africa, possibly because this area experiences an austral winter mode (Reason et al. 2002;

Reason and Jagadhesha 2005; Reason and Rouault 2005; Philippon et al. 2011; Vigaud et al. 2012).
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When compared with CRU data, ERAINT (Figure 14b) replicates the dipole pattern very well, except

that it shows a weaker positive correlation (r a 0.5)
data, and extends the positive correlation westwards into Angola, making the area of positive correlation

wider than in CRU data. The biases in the ERAINT results may be attributed to the low resolution and

convective parameterization scheme used in the reanalysis. It is difficult to link the wind pattern with the

ENSO-drought correlation pattern, but generally, in the ERAINT, the area of negative correlation

experiences easterly winds (from the Indian Ocean), while the area of positive correlation experiences

north-easterly or westerly flow.

3.2.2 Theinfluence of ENSO on precipitation and rainfall

Since precipitation and temperature are the two variables used in computing the drought index (SPEI),
it is of interest to examine the relationship between ENSO and each of these variables. The correlation
between ENSO and precipitation over the study area shows a good resemblance with that of ENSO
and drought (compare Figure 14 and Figure 15). The general pattern shows positive correlations
(r 2 0.5) over the tropical regionand negati ve c D06y avdr thé sulotropicdl regiod. The
significant negative correlation over central parts of southern Africa suggests that a warm ENSO event
will induce lower rainfall over southern Africa, while a cold ENSO event will produce above-normal
rainfall conditions, which is consistent with the findings from previous studies over the region. As in CRU
data, ERAINT shows negative correlation over central parts of southern Africa.
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The CRU data shows a significant positive correlation between ENSO and temperature in DJF over the
bulk of southern Africa (Figure 16). It is also a well-known feature that strong abnormally high
temperatures (and sometimes heatwaves) are recorded over most of the southern African subcontinent
during El Nifio years (Lyon 2009; Richard et al. 2001). During El Nifio years, the convergence zone that
normally reaches 20°S in January during the austral summer is weakened and shifted to the east and
north, resulting in dry conditions over the subcontinent (Mason 2001). The resemblance between the
CRU data and ERAINT patterns is noticeable. Both show positive correlation over subtropical areas and
negative correlation values over the tropical areas, but they show contrary correlations over a large part
of the DRC, where ERAINT shows positive correlation coefficients.
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Figure 17 compares the influence of ENSO on rainfall, temperature, and drought over the three selected
areas (see Figure 13): Limpopo area (LP: 27°1 32°E, 20°1 25°S), north-eastern South Africa (NS: 19°1
25°E, 30°1 26°S) and over north-eastern highlands of Tanzania (TZ: 35° 39°E, 5°1 2°S). The Limpopo
area is usually considered as the drought corridor in southern Africa (Usman and Reason 2004)
because of the high dry-spell frequencies over this area in DJF. Reason et al. (2005) found a good
relationship between ENSO and the dry-spell frequencies over this area. However, Figure 17a shows
thatt he correl ation between ENS@r thisvatea ts estropgerrthan thea e
correlation bet ween TBHNSThe samedis tnueadver hoat-daste(n rSouth Africa
(Figure 5b), but the reverse is the case over Tanzania (Figure 17c¢). This suggests that the influence of
ENSO on drought Linpopo&ndort-gasteonvSouth African areas may be more
associated with enhanced evapotranspiration (i.e. warming) than with reduced rainfall; but over
Tanzania, the influence is more associated with the reduced rainfall than with enhanced evapo-
transpiration. In other words, using only rainfall to quantify, predict, or monitor the influence of ENSO
on drought over Limpopo and north-eastern South African areas may underestimate the influence on
the drought. ERAINT results also show that the influence of ENSO on temperature (or on SPEI) is
stronger than on rainfall over the two areas.
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3.2.3 Composite of SPEI, Precipitation and Temperature during El Nifio and La Nifia Events

For a better understanding of the impact of ENSO on southern African droughts, we present the
composites of SPEI, precipitation and temperature during El Nifio and La Nifia conditions. Within our
study period (19897 2008), there were six El Nifio events (1991/92, 1994/95, 1997/98, 2002/03, 2004/05
and 2006/07) and six La Nifia events (1995/96, 1998/99, 1999/2000, 200/01, 2005/06 and 2007/08).
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Figure 18 shows the composite of SPEI for the La Nifia events. The figure shows that the cold phase of
ENSO (La Nifia) is associated with positive SPEI (wet conditions) over the subtropical southern Africa
and negative SPEI (dry conditions) over the north-eastern tropical area. This is consistent with Figure
14 and agrees with previous studies that explored the composite of rainfall during La Nifia events. La
Nifla events are associated with the occurrence of tropical temperate troughs (TTTs) (Harrison 1984;
Todd et al. 2004; Todd and Washington 1999; Washington and Todd 1999), which are NW1 SE oriented
cloud bands. TTTs form as a result of interaction between tropical and mid-latitude systems and they
are responsible for most of the convection and rainfall over southern Africa (Vigaud et al. 2012). They
are more common during the Novemberi February period and are associated with an increase in the
intensity of the African Walker Cell, which in turn enhances moisture convergence over southern Africa
(Ratnam et al. 2012).

The ERAINT simulate that during La Nifia years, the anti-cyclonic flow over the Atlantic Ocean is weaker
and shifts westward (i.e. off the subcontinent). This will enhance more low convergence and
precipitation over the subcontinent. The cold ENSO events are also associated with lower temperature
over the bulk of southern Africa and higher temperature over northern Mozambique, Tanzania, north-
eastern Zambia and southern DRC (not shown). However, the reverse is the case with the warm phase
of the ENSO condition (El Nifio, Figure 19). El Nifio event favours widespread dry conditions in the
region, except over northern Mozambique, southern Tanzania, north-eastern Zambia and eastern DRC,
where El Nifio events produce wet conditions. The anti-cyclonic flow shifts eastward over the
subcontinent, consequently inhibiting precipitation over the region (Figure 19). The warm ENSO
produces higher temperatures over most parts of southern Africa and lower temperatures in the
subtropical regions.
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3.3 Atmospheric Teleconnections and Drought Modes Over Southern Africa

This section presents the relationship between the six atmospheric teleconnections and the four drought
modes (principal factors) described in Chapter 2. As explained in Chapter 2, the drought modes were
obtained by performing the PCA on CRU SPEI data. The descriptions of the six atmospheric
teleconnections used in the study are given in Table 2.

Tab2. e Description of the climate indices used in the study
Abbr. Index name Period Data source
AAO Antarctic Oscillation 19507 2009 Physical Sciences Division/NOAA
10D Indian Ocean Dipole 19401 1997 Japan Agency for Marine-Earth Science and
Technology
NAO North Atlantic Oscillation 19401 2000 CRU/University of Anglia

QBO Quasi-Biennial Oscillation 1948i 2009 Physical Sciences Division/NOAA
TNA Tropical Northern Atlantic 194812009 Physical Sciences Division/NOAA
TSA Tropical Southern Atlantic 194812009 Physical Sciences Division/NOAA
ENSO EI Nifio Southern Oscillation 194071 2009 CRU/University of Anglia

SSP Sunspots Count 19407 2009 Solar Influences Data Analysis Center

Figure 20 presents the correlation between each drought mode and the global SST anomalies at three-
month scale. In Figure 20, positive correlation values over an ocean area means that a warm (i.e.
positive) SST anomaly over the ocean area produces wet conditions (i.e. positive principal factor score)
over the region of positive loading in the principal factor pattern (Figure 20), but produce dry conditions
(droughts) over the region of negative loadings in the principal factor pattern.

The reverse is the case for an ocean area with negative correlation values. Figure 20 shows that the
relationship between principal factors and SST over the global ocean basins is seasonal. The
relationship between DM1 and the Pacific Ocean SST exists in all the seasons, but it is most
pronounced in summer (DJF, which is the dry season in the DM1 region) and least obvious in the winter
(JJA, which is the wet season over the DM1 region).

The same is true for the relationship between DM1 and the Indian Ocean SST, except that the
relationship is least distinct in spring (SON). On the other hand, the relation between DM1 and SST is
strongest in SON; in this season, the correlation coefficient is high (r > 0.5) over the eastern part of the
South Atlantic Ocean. Nevertheless, the wavelength coherence analysis shows that the ENSO and
Tropical Northern Atlantic (TNA) have the most significant influence on DM1 in the two- to eight-year
period (Figure 21). The influence of the teleconnections on DM1 was very strong from 1960 through
2000. Although, AAO also shows some influences in the two- to eight-year period; the influence only
started in 2000 (now shown). IOD and TSA also show significant influence on DM1 but at the eight- to
16-year period (not shown). Hence, the most dominant teleconnections influencing DM1 are ENSO and
TNA.
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The relationship between DM2 and the Pacific Ocean SST only exits in DJF (which is the wet season
in the DM2 region) and in MAM, and that between DM2 and Indian Ocean SST also only exist in MAM
and JJA (Figure 20). Manatsa and Matarira (2009) found a negative correlation between DJF SPI in
Zimbabwe and SST over the Indian and Pacific Oceans. Such correlation does not feature in the present
study. The reason for this discrepancy is because Manatsa and Matarira (2009) correlated DJF SPI
with SON SST, while we correlated DJF DM2 with DJF SST. When we correlated DJF DM2 with SON
SST, we obtained a negative correlation (not shown) as in Manatsa and Matarira (2009). DM2 shows
strong correlation with Southern Atlantic Oceans SST in SON but weak or no correlation in other
seasons. However, the wavelet coherence analysis shows that IOD and ENSO have the most
significant influence on DM2 in the two- to eight-year period (Figure 23). TSA also has significant
influence DM2 but in the > eight- to 16-year period (not shown). The influences of other teleconnections
(used in study) are not significant.

The relationship between DM3 and the global SST is only distinct in JJA and SON (Figure 20). DM3
has negative correlation with the three-ocean basis in JJA and positive correlation with the Indian Ocean
in SON. The wavelet coherence of the drought mode (DM3) with teleconnection indexes shows that
TNA and ENSO have the most consistent influence on DM3 in the two- to eight-year period. Other
teleconnections (such as 10D, North Atlantic Oscillation and AAO) also show some influence in the
period, but the influence is weaker than those of TNA and ENSO.

The influence of the SST on DM4 is mainly in MAM and JJA (Figure 20). While DM4 has a distinct
correlation pattern with SST over the Pacific Ocean and Indian Ocean in MAM, its distinct correlation
pattern over the Tropical Atlantic Ocean is in JJA. This suggests that while this drought mode may be
influenced by the SST over the Pacific Ocean and Indian Oceans in MAM, it may be sensitive to the
SST over the Atlantic Ocean in JJA, but not sensitive to SST over any ocean in DJF and SON.
Nevertheless, the wavelength coherence analysis shows that this drought mode is poorly coupled with
ENSO and other teleconnections. Among the teleconnections, AAO shows the most consistent
coherence with DM4 in the one- to two-year period in 1985i 1995 (Figure 24). Hence, the influence of
global scale teleconnection on drought over DM1 region is weak.
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Consistent with Section 3.2 above, the results indicate that ENSO influences droughts over most
regions in southern Africa except the DM4 region. Nevertheless, the results show that influence of other
teleconnection on droughts over drought modes (e.g. DM2 and DM3) may be as important as (or more
important than) that of ENSO. For example, 10D is as important as ENSO in influencing the DM2
drought mode while TNA is more important than ENSO influencing drought modes over DM3. However,
it seems no teleconnections has significant and persistent influence on DM4 drought mode.
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3.4 Relationship Between Atmospheric Teleconnection and Drought Patterns in Summer

Over Southern Africa

This section examines the relationship between atmospheric teleconnections and each of the 12
drought patterns presented in Chapter 2. In the examination, we focus on austral summer (DJF)
because it is the rainy season for most part of southern Africa, and we consider the most important
atmospheric teleconnections (or climate indices such as ENSO, 10D, AAO and BEN) for studying or
predicting rainfall (or drought) over the region during this season.

As an indication of the relationship between the drought pattern and atmospheric teleconnections,
Figure 25 presents the frequency of overlapping between the drought patterns and the active phases
of the teleconnections in summer. Node 1 and Node 12 show a substantial and consistent relationship
with ENSO but not with other teleconnections (IOD, AAO, and BEN). For instance, 83% (five events) of
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Node 1 occurrences coincide with the positive phase of ENSO (EI Nifio), while 100% (three events) of
Node 12 occurrences happen during the negative phase of ENSO (La Nifia). Although Node 1 also
shows a substantial relationship with other teleconnections, the relationship is not consistent. For
example, the pattern features well during the active phases of BEN (83%) but occurs in both positive
(50%) and negative (33%) modes of the teleconnection. It also features well during the active phases
of IOD (66%) but in both positive (33%) and negative (33%) phases. Node 12, on the other hand, shows
no relationship with 10D, a weak relationship with BEN (< 34%), and an inconsistent relationship with
AAO (< 34% in negative and < 34% in positive modes). No other drought pattern shows substantial and
consistent relationships with ENSO or with other teleconnections.

Node 6 and Node 8 exhibit a consistent relationship with ENSO (i.e. positive and negative modes,
respectively), but the two nodes feature less than 29% and 34%, respectively, of their occurrences
during ENSO events. Nodes 9, 10 and 11 have a substantial relationship with ENSO, but they appear
in both positive and negative modes of ENSO. In some cases, two opposite drought patterns feature in
the same phase of a teleconnection (i.e. Nodes 4 and 9 in positive IOD; Node 3 and Node 9 in negative
AAOQ). This makes it difficult to relate any of these patterns with the teleconnection. Hence, the most
consistent message from the discussion is that Nodes 1 and 2 are the only drought patterns solely
induced by ENSO events. However, this does not indicate that all ENSO events will produce Node 1 or
Node 12.
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Figure 26 presents the composite of DJF SST anomalies for each drought pattern. For Node 1, the SST
pattern features a warm pool (positive anomalies) over the central Pacific Ocean. This SST pattern has
been identified as the central Pacific ENSO (Kao and Yu 2009; Yeh et al. 2012), dateline ENSO (Larkin
and Harrison 2005), El Nifio Modoki (Ashok et al. 2007), warm pool El Nifio (Kug et al. 2009), and
El Nifio Type 3 (EN3) (Hoell et al. 2014; Johnson 2013). However, in agreement with Hoell et al. (2014),
the SST pattern is characterised with warm Indian and tropical Atlantic SST.
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Node 4 is also associated with warm pool over the Pacific Ocean, but the warming is confined to the
equatorial eastern Pacific Ocean. This SST pattern, which is usually called the eastern Pacific El Nifio
or canonical El Nifio, is classified as El Nifio Type 4 (EN4) by Hoell et al. (2014). It is accompanied with
warm SST over the tropical Atlantic and tropical Indian Ocean. Hence, Node 1 and Node 4 drought
patterns are caused by different flavours of El Nifio events.
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In contrast, the SST anomaly pattern for Node 12 features cold SST over the equatorial and central
Pacific (i.e. La Nifia event). This SST pattern, which features cold tropical Atlantic and Indian Oceans,
is called La Nifia Type 1 (LN1) in Hoell et al. (2014). Node 9 is also characterised with an SST anomaly
pattern that shows maximum cooling over the central Pacific Ocean and features maximum warming
over the southern Atlantic and southern Indian Oceans. The SST pattern corresponds to La Nifia Type 4
(LN4) in Hoell et al. (2014). Many authors (i.e. Hoell et al. 2014; Johnson 2013) have shown that LN1
dominated the La Nifia pattern prior 1990 while LN4 dominated afterward. This is consistent with the
shifting of southern African droughts (from all-wet drought patterns to all-dry patterns; Figure 26), in that
Node 12 that is associated with LN1 dominated prior 1990 but has not featured since 1990. Meanwhile
Node 6 that is associated with LN4 has been becoming more frequent since 1990.

Figure 27 presents the composites of DJF rainfall and temperature fields for the extremely different
drought pattern (Nodes 1, 4, 9 and 12). A comparison of Nodes 1 with 9 shows that, in general, dry
conditions (i.e. SPEI < 0) are associated with warming and rainfall deficit, while wet conditions (i.e.
SPEI< 0) are induced by cooling and rainfall surplus. This agrees with the general relationship between
rainfall and land surface temperature that an increase in rainfall will lower soil temperature (e.g. Lyon
2009; Trenberth and Shea 2005). However, there are conditions that deviate from this norm. For
example, Node 1 shows areas of surplus rainfall with dry condition (SPEI < 0) because of the associated
warming. The warming (possibly caused by higher insolation or advection of warmer dry air) produces
higher evapotranspiration that exceeds the rainfall surplus and thereby causes a water balance deficit
(SPEI < 0) over the areas. For a similar reason, Node 12 features some areas of rainfall deficit with wet
conditions (SPEI > 0) due to the associated cooling, which reduces the evapotranspiration and causes
a water balance surplus (SPEI > 0) over the areas. For a better understanding of the dynamics behind
the rainfall and temperature changes that induce the drought patterns, Figure 28 and Figure 29 present
the composite of anomalies in vertical wind, moisture transport and moisture flux convergence for the
extremely different drought patterns (Nodes 1, 4, 9 and 12) during DJF.

32



The pattern of vertical wind anomalies (Figure 28) for Node 1 is consistent with changes in the
corresponding SST anomalies (shown in Figure 26), except over the Atlantic Ocean. The pattern
features an increase in convection over the warm SST areas (i.e. over the eastern and central Pacific
Ocean and over the central Indian Ocean), but the maximum increase is over the central Pacific Ocean.
It also features a decrease in convection over the cold SST areas (i.e. over the western Pacific Ocean)
and shows no changes over the Atlantic Ocean despite the warm SST over the ocean. Most importantly,
the vertical wind pattern shows a decrease in convection over southern Africa, with a local maximum
decrease at 0° and at 20°N. Figure 3.20 shows that the decrease in convection is associated with a
moisture flux divergence over the subcontinent. The subsidence is consistent with the rainfall deficit and
temperature increase, and hence with the dry conditions (SPEI <0) over the subcontinent.

For Node 12, the vertical velocity pattern is almost a mirror image of Node 1 over the Pacific Ocean and
Atlantic Ocean, but not over the Indian Ocean or over southern Africa. The pattern shows an increased
convection that extends from the central Indian Ocean to southern Africa, and the maximum increase
is over south Mozambique (Figure 29). This is consistent with the maximum moisture flux convergence
over the area (Figure 29). Comparing Node 12 with Node 1, it seems that the increased convection in
Node 12 only replaces the decreased convection at 0° in Node 1 pattern, but not at 20°S.

Contrary to expectation, Node 12 also features a maximum decreased convection at around 20°N, as
in the Node 1 pattern. The decreased convection is consistent with the moisture divergence over the
area. Hence, there are only two major consistent changes in dynamics of Node 1 and Node 12 apart
from the changes in vertical motion at 0°N. First, the nodes have opposite patterns of vertical motion
over the Pacific Ocean (in agreement different mode of ENSO); second, they feature opposite regional
temperatures (warm and cool, respectively) over southern Africa and over the surrounding oceans (i.e.
both Indian and Atlantic Oceans). The link between these two dynamic changes is not clear and remains
a subject of future study.

For Node 9, over the Pacific Ocean, the vertical wind pattern resembles that of Node 12 though with a
lower magnitude. But, over the Indian Ocean and southern Africa, it is a mirror image of Node 12. For
instance, in contrast to Node 12, the Node 9 pattern features a decreased convection that extends from
the Indian Ocean to Mozambique, and an increased convection that extends from south of 20°S over
the continent to the Indian Ocean. The pattern is consistent with the location of moisture flux
convergence (Figure 29), rainfall surplus, cooling (Figure 29), and wet condition (SPE < 0; Figure 26)
south of 20°S over the subcontinent. It is also consistent with the location of the moisture flux divergence
(Figure 29), rainfall deficit, warming (Figure 27), and wet condition (SPE < 0; Figure 27) north of 20°S.

For Node 4, the magnitude of the vertical wind changes is weak over the Pacific Ocean, especially when
compared with those of other nodes (Figure 29). The weak magnitude is not consistent with the
corresponding SST pattern, which shows a strong canonical El Nifio pattern (Figure 26). Nevertheless,
the magnitude is higher over the Indian Ocean and southern Africa than over the Pacific Ocean (Figure
29). In the vertical wind pattern, an enhanced convection extends from 30°S to 5°N and covers the
Eastern Africa and western topical Indian Ocean, but convection is supressed south of 20° N over the
subcontinent. The associated moisture flux field (Figure 29) shows a strong moisture flux convergence
supporting the enhanced convection, and a weak moisture flux divergence in the area of the supressed
convection. However, the location of the enhanced convection is consistent with the cooling and rainfall
surplus over the wet areas (i.e. SPEI > 0), while the location of the supressed convection is consistent
with the warming and rainfall deficit over the dry areas (SPE < 0).
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3.5 Conclusion

This chapter examined the relationship between southern African droughts and atmospheric
teleconnections using three approaches. In the first approach, we followed the conventional way by
calculating a spatial correlation between the ENSO index and the SPEI over the subcontinent. In the
second approach, we used wavelet analysis to examine the temporal structure of the correlation
between each drought mode and each atmospheric teleconnection. In the third approach, we obtained
the number of times each drought pattern (identified in the previous chapter) overlapped the active
phases of each atmospheric teleconnection. The results obtained can be summarised as follows:

1 The results of the first approach indicate the existence of a strong dipole correlation between ENSO
and droughts (SPEI) over southern Africa, with the positive correlation values (up to +0.6) over the
tropical area and the negative values (up to 17 0.6) over the subtropical area. The link between ENSO
and droughts (SPEI) is due to the influence of ENSO on both temperature and rainfall fields, but the
influence of ENSO is stronger on temperature than on rainfall.

1 The wavelet coherence analysis confirms that ENSO influences droughts over most regions in
southern Africa, but it also indicates that the influence of IOD on DM2 drought mode is as important
as that of ENSO, while the influence of TNA on DM3 is more important than that of ENSO.

1 The results of SOM analysis show that only 20% of drought patterns (Nodes 1 and 12) are induced
solely by ENSO; other drought patterns are caused by complex interactions among the atmospheric
teleconnections. Node 1 drought pattern occurs during El Nifio events, while 100% of Node 12 occur
during the La Nifia events.
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4  ASSESSMENT OF CLIMATE MODELS IN SIMULATING REDs OVER SOUTHERN AFRICA
4.1 Introduction

Climate models are viable tools for understanding the intricacy of the Earthd slimate system (including
droughts). Using some equations (derived from physical, chemical and biological laws) to represent the
Earthé system processes, climate models can simulate past and future states of climate system over
any time range from a few hours to many centuries (McGuffie and Henderson-Sellers 2005). Hence,
climate model simulations can be analysed to study characteristics of droughts, investigate the
mechanisms controlling droughts, and project impacts of future climate change on droughts. However,
before applying a climate model simulation for these studies, it is essential to give a credible simulation
of past climate, because the reliability of the simulation depends on how well the model reproduces the
past climate.

Many studies have applied global climate models (GCMs) to simulate and study characteristics of
southern African droughts. For instance, Joubert and Mason (1996) used GCM simulations to show that
drought may be less common over a bulk of southern Africa, with the exception of parts of South Africa
and Mozambique where there is a likelihood of more frequent droughts. Lyon (2009) also indicated a
drying trend over the region during the austral summer (DJF), though he concluded that the trend was
model dependent. The results from these studies are far from perfect. The GCM simulations lack
regional details due to their coarse resolution, which is typically around 200 km. Therefore, it is
necessary to investigate characteristics of southern African droughts using RCMs, which generally have
much higher resolutions (~40 km) than GCMs. However, the present study assesses and compares the
capability of some GCMs and RCMs in reproducing the characteristics of southern African droughts
and in replicating the influence of atmospheric teleconnections on the droughts.

In the previous chapters, we identified and describe the characteristics of REDs over southern Africa
(Chapter 2) and discussed the physical mechanism controlling the droughts (Chapter 3). In Chapter 4,
we assess the capability of GCMs and RCMs in reproducing the observed characteristics of REDs and
in linking them to the drivers. The assessment is presented in three parts. The first part (Section 4.2)
shows how GCMs and RCMs reproduce the link between ENSO and drought distribution over southern
Africa, and how downscaling of GCM simulations with the RCMs may improve (or depreciate) the
simulation of the link. The second part (Section 4.3) shows how well the models reproduce the spatial-
temporal characteristics of the drought modes. The third part discusses the capability of the RCMs in
simulating drought patterns. For a more comprehensive and technical discussion of the materials in the
chapter, readers are referred to Meque and Abiodun (2014), Ujeneza and Abiodun (2014), Meque
(2015), and Meque and Abiodun (2017).

4.2 Model and Data

In addition to CRU observation and ERAINT reanalysis data sets (described in previous chapter), GCM
and RCM simulation data sets were analysed. The GCM simulation data sets are from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2012). Table 3 provides the information
of the ten GCM simulations used in the study. The GCMs were selected because their outputs have
temperature and rainfall data that covers the longest periods within the study period. However, the
model data sets have different spatial resolution and cover different time periods. For uniformity, the
simulation data were regridded to the same resolution as for the CRU data set, and only simulation data
for 19561 2009 was used in the study. The RCM simulation data set are results of the CORDEX (Giorgi
et al. 2009, Jones et al. 2011). The ten CORDEX RCMs used in this study (Table 4) were driven by the
ERAINT and GCMs. Their simulations cover the entire African domain (Figure 30) with a horizontal grid
spacing of 0.44°. The results of the ERAINT, GCMs and RCMs were compared with the CRU
observation over the southern African region (Figure 13) and over three selected areas (see Figure 13):
Limpopo area (LP: 27°1 32°E, 20°1 25°S), north-eastern South Africa (NS: 19° 25°E, 30°i 26°S) and
over the north-eastern highlands of Tanzania (TZ: 35° 39°E, 5°1 2°S).
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Tab3A description of all GCMs used in this study

Model Name  Resolution Period Modelling Group Country

GFDL- 2.6°x2.1° Jan 19561 NOAA/Geographical Fluid Dynamics USA

ESM2M Dec 2005  Laboratory

MIROC-ESM- 2.8° x 2.8° Jan 18501  Japan Agency for Marine-Earth Science Japan

CHEM Dec 2005 and Technology, Atmospheric and

Oceanic Research Institute, National
Institute for Environmental studies

MIROC5 1.4°x 1.4° Jan 18601  National Institute for Environmental Japan
Dec 2009  studies, Atmospheric and Oceanic
Research Institute, Japan Agency for
Marine-Earth Science and Technology

CanESM2 2.8°x2.7° Jan 19501 Canadian Centre for Climate Modelling Canada
Dec 2005 and Analysis

BNU-ESM 2.8°x2.8° Jan 19501  College of Global Change and Earth China
Dec 2005  Systems Science, BNU

GFDL- 2.6°x2.1° Jan 19561 NOAA/Geographical Fluid Dynamics USA

ESM2G Dec 2005  Laboratory

CNRM-CM5 1.4°x1.4° Jan 19551  Centre National de Recherches France

Dec 2005  Météorologique

FGOALS-s2 2.8°x1.66° Jan 196071 LASG, Institute of Atmospheric, Chinese China
Dec 2005  Academy of Science

HadGEM2- 1.9°x1.25° Jan 19507 Hadley Centre for Climate Prediction and UK
CcC Dec 2005 Research at the Meteorological Office
Bcc_csml 2.8°x2.8° Jan 18501  Beijing Climate Center (BCC), China China

Dec 2012  Meteorological Administration
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TabdAdescription of RCMsAukedodel Al Oh d¢lsitdidfeddl uti on

Model Name Modelling Group Country
CCLM Potsdam Institute for Climate Impact Research (PIK) Germany
CNRM Centre National de Recherches Météorologique France
CRCM5 Canadian Centre for Climate Modelling and Analysis Canada
RACMO2 Royal Netherland Meteorological Institute (KNMI) Netherland
RCA35 Rossby Centre Regional Atmospheric Model T Swedish Sweden
Meteorological Institute (SMHI)
REMO Max Planck Institute for Meteorology, DKRZ, DWD, Europe
GKSS
REGCM3 International Centre for Theoretical Physics Italy
WRF3 NCAR, NCEP, FSL, AFWA Worldwide
PRECIS UK Meteorological Office UK
ARPEGE Centre National de Recherches Meteoroloi Giques France

4.3 Simulating the Link Between ENSO and Summer Droughts in Southern Africa

4.3.1 Therelationship between ENSO and drought (SPEI)

This section evaluates how well the RCMs simulate the link between ENSO and droughts (SPEI) over
southern Africa. Figure 31 shows a strong correlation between ENSO and droughts over southern Africa
for both observations and simulations.

In the CRU result (Figure 31a), the correlation between ENSO and SPEI shows a marked dipole pattern
over southern Africawi t h positive values (r O 0.6) over
15°S)and negati v e v a | 10.8) sver(the subtropical area (south of 15°S). The correlation is weak
(r=x0.3) over the western part of the tropical area. It is also weak over the south-western tip of southern
Africa. The RCM simulations show different patterns of the correlation between the ENSO and southern
African droughts. In some RCMs (i.e. ARPEGE), the simulated correlation pattern is close to the
observed (or ERAINT) pattern, but in other RCMs (i.e. CRCM) the pattern is different.

Among the RCMs, ARPEGE simulates the best correlation pattern, although its result is closer to the
ERAINT pattern than it is to the CRU pattern. The main shortcoming in the ARPEGE correlation pattern
is that it shows a stronger correlation than observed over the entire southern Africa, even over the
south-west, where CRU shows no correlation. However, the best performance of ARPEGE here is
consistent with Kalognomou et al. (2013), who showed that ARPEGE consistently outperforms all
CORDEX RCMs over southern Africa in all seasons. The good performance of ARPEGE in simulating
the link between ENSO and southern African droughts may be because ARPEGE is a global stretch-
grid model. This may help the model to yield a better simulation of the Walker circulation, and to
experience no shock at the lateral boundaries between the driving data (ERAINT) and RCM dynamics.

RegCM3 also captures the general pattern of the observed correlation between ENSO and droughts,
but its area of significant correlation is confined to the central area of southern Africa. The model fails
to reproduce the negative correlation over Namibia and southern Angola, where it shows a positive
correlation. Only HIRHAM and REMO show a good correlation over Namibia and southern Angola;
other RCMs (including ARPEGE) either show a weaker correlation or show opposite correlation when
compared to the observed pattern. Nevertheless, HHRHAM and REMO simulate poor correlation
patterns elsewhere, especially over the eastern side of southern Africa. This agrees with a previous
study (Haensler et al. 2011a) that showed that the REMO model has a better skill in the drier areas (i.e.
the south-west) than in the more humid areas (south-east and north-east) of southern Africa. In the
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RCA model, the areas of significant correlation are scattered over southern Africa, but in WRF the area
of significant correlation is displaced south with few patches over southern Namibia and Botswana.
CRCM portrays the most striking correlation pattern; it shows no correlation to weak correlation over
the entire southern Africa. Hence, among the CORDEX RCMs, CRCM shows the lowest capability in
linking ENSO with the southern African droughts. Hernandez-Diaz et al. (2013) also reported that
CRCM has cold biases over most areas in southern Africa.

There is a good agreement between ERAINT and RCM 850 mb mean winds over southern Africa in
DJF (Figure 31). South of 15°S, the wind pattern is characterised with strong anti-cyclonic wind over
the southern Atlantic Ocean (i.e. west of southern Africa) and strong easterlies transporting warm, moist
air from the Indian Ocean to the subcontinent. North of 15°S, the wind pattern is characterised by strong
north-easterlies in the east and westerlies in the west, producing convergence flow at the centre. The
major difference between ERAINT and RCM wind patterns is that the westerlies are stronger in the
RCM (except HIRHAM) than in ERAINT. It is difficult to link the wind pattern with the ENSO-drought
correlation pattern, but generally, in the ERAINT and RCM (except in CRCM), the area of negative
correlation experiences easterly winds (from Indian Ocean), while the area of positive correlation
experiences north-easterly or westerly flow.
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4.3.2 Theinfluence of ENSO on precipitation and temperature

We examine how well the models simulate the relationship between ENSO and the two climate
variables (precipitation and temperature) used in computing the drought index (SPEI). The correlation
between ENSO and precipitation over the study area shows a good resemblance with that of ENSO
and drought (compare Figure 31 and Figure 32). The general pattern shows positive correlations
(rda0.5) over the tropical r e giOmnovea thedsubtrapigahregion.8hec or r el a
significant negative correlation over central parts of southern Africa suggests that a warm ENSO event
will induce lower rainfall over southern Africa, while a cold ENSO event will produce above-normal
rainfall conditions, which is consistent with the findings from previous studies over the region. As in
CRU data, most RCMs show negative correlation over central parts of southern Africa. The ARPEGE
best captures this well-known feature over southern Africa. In line with Figure 31, the HIRHAM and
REMO models show a strong correlation over Namibia. The weakness of the CRCM in capturing the
link between ENSO and droughts is also reflected in capturing the link between ENSO and rainfall.
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The CRU data shows a significant positive correlation between ENSO and temperature in DJF over the
bulk of southern Africa (Figure 33). During El Nifio years, the convergence zone that normally reaches
20°Sin January (i.e. during the austral summer) is weakened and shifted to the east and north, resulting
in dry conditions over the subcontinent (Mason 2001). In comparison to the observations, the ARPEGE
continues to show a high reliability in simulating the relationship between ENSO and temperature over
southern Africa, but performs poorly over Angola, where ERAINT does not perform well either.
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Figure 34 compares the influence of ENSO on rainfall, temperature, and drought over the three selected
areas (see Figure 30): Limpopo area (LP: 27°71 32°E, 20°T 25°S), north-eastern South Africa (NS: 19°i
25°E, 30°1 26°S) and over the north-eastern highlands of Tanzania (TZ: 35°1 39°E, 5°1 2°S). Over
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eastern South Africa (Figure 34b), but the reverse is the case over the north-eastern highlands of
Tanzania (Figure 34c). ERAINT results also show that the influence of ENSO is stronger on temperature
(or on SPEI) than on rainfall over the two areas. All RCMs (except HIRHAM) simulate this characteristic.
However, most RCMs (i.e. CCLM, HIRHAM, RACMO, REMO, RCA, CRCM and WRF) grossly
underestimate the link between ENSO and drought (rainfall and temperature) over the three areas
(Limpopo, north-eastern South Africa and north-eastern highlands of Tanzania).
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For a better understanding of the impact of ENSO on southern African droughts, we present the
composites of SPEI, precipitation, and temperature during El Nifio and La Nifia conditions (Figure 35
and Figure 36). Within our study period (19891 2008), there were six El Nifio events (1991/92, 1994/95,
1997/98, 2002/03, 2004/05 and 2006/07) and six La Nifia events (1995/96, 1998/99, 1999/2000,
200/01, 2005/06 and 2007/08). Figure 35 shows the composite of SPEI for the La Nifia events. The
figure shows that the cold phase of ENSO (La Nifia) is associated with positive SPEI (wet conditions)
over the subtropical southern Africa and negative SPEI (dry conditions) over the north-eastern tropical

area.
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The RCMs (except CRCM) show similar patterns as the observations, but the magnitude of the SPEI
anomalies during the La Nifia and El Nifio events are weaker than the observed; only ARPEGE
produces the magnitude of SPEl anomalies that is comparable with observation. Contrary to
observation, some RCMs (e.g. REMO, PRECIS and RegCM3) simulate no changes in SPEI over the
Drakensberg Mountains (around the Kingdom of Lesotho) during the La Nifia and El Nifio conditions.
High elevation areas, such as the Drakensberg Mountains, usually experience higher precipitation with
lower temperatures (i.e. lower PET) than the surroundings; this might reduce the severity of drought
over the mountains, and some models might find it difficult to simulate this process.
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