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Abstract:
Aimed at understanding the physical mechanisms driving rainfall systems in southern Africa with a
particular focus on Zimbabwe, this research is a step towards improving the representation of those systems
in Climate Models leading to improved Rainfall projections. Because RCMs such as PRECIS are good at
resolving subtle systems which modify local climates and possibly mask the anticipated anthropogenic
induced (rainfall) change, its use in regions such as Zimbabwe that have complex terrain is crucial.
Understanding the physical mechanisms that control rainfall in the current climate also provides insights
into the changes being currently experienced in the region. It also enables analysis of the projected changes
in circulation patterns that drive rainfall changes in the near future in addition to allowing stronger
statements to be made on the expected longer term changes in rainfall. Thus paves leading to improved
impact, vulnerability and adaptation studies as well integration of Climate Risk Management practices like
Weather Index Insurance into development and economic planning.
The research identified Indian Ocean SSTs as the most critical driver of southern African rainfall. The
mechanism for this is via forcing the circulation patterns which transport moisture away from (towards) the
sub-region under warmer (colder) NSWIO and cool (warm) SSWO SSTA by creating a depression (ridge)
north-east of Madagascar in the NSWIO region which weaken(enhance) the north-easterly moist
monsoonal winds and ITCZ manifestation in southern Africa. The tropical Indian Ocean waters are found
to be warming more than the subtropical SSTs resulting in the anticipated rainfall deficit. The Pacific
Ocean SSTs are only crucial to rainfall in southern Africa when occurring alongside perturbations of the
Indian ocean SST (IODZM or Brandon Marion Index-BMI).
PRECIS generally represents the seasonal rainfall cycle well although it does not simulate the onset and
cessations precisely. It also has some skill in simulating inter-annual variability suggesting that it is capable
of representing the mechanisms that control rainfall. Rainfall projections are showing most seasons of the
future having no clear signal on rainfall change except the western parts of southern Africa where a
significant reduction in rainfall is expected extending into central southern Africa in the 2020s and 2050s
(through weaker monsoonal winds and weaker ITCZ). A slight increase in rainfall in the south-east coast of
Southern African countries is expected. Zimbabwe’s rainfall is projected to decrease significantly for 20202039 and 2040-2069 especially over the western provinces with the extreme south-eastern districts
expected to have a slight increase in the 2070-2099. An analysis of each ensemble rainfall projections,
SSTAs and vector wind anomalies suggest that the spread in rainfall is mainly emanating from each
ensemble member’s projection of SSTs which also influence low-level circulation and moisture transport.
This study is distinct in that it provides more members to multi-model ensemble of projections covering the
entire southern Africa and Indian Ocean at 50km resolution being produced by PRECIS using A1B SRES
scenarios for all the future timescales of the 21st century (2010-2100) hence complementing other rainfall
related studies in southern Africa.
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Acronyms
SST

Sea Surface Transport

SSTA

Sea Surface Transport Anomaly

SWIO

South West Indian Ocean

NSWIO

northern South West Indian Ocean

SSWIO

southern South West Indian Ocean

ENSO

El Nino Southern Oscillation

Nino3.4

A region of the Pacific taken as a definition of ENSO

GCM

Global Climate Models /General Circulation Models

BMI

Brandon Marion Index

PRECIS

Providing Regional Climates for Impacts Studies

IO

Indian Ocean

IODZM

Indian Ocean Dipole Zonal Mode,

HadCM3Q*

HadCM3Q0, HadCM3Q2, HadCM3Q9, HadCM3Q13 and HadCM3Q14 GCMs

RCM

Regional Climate Model

OND

October November and December season

JFM

January February and March season

ONDJFM

October to March Rainfall season

AMJ

April May June

SPI

Standard Precipitation Index

ITCZ

Inter-tropical Convergence Zone

SARCOF

SADC’S Southern African Regional Climate Outlook Forum

MSD

Meteorological Services Department of Zimbabwe

WMO

World Meteorological Organisation

IPCC

Inter-governmental Panel on Climate Change

UKMO

United Kingdom Meteorological Office

GHG

Green House Gases

S/N

Signal to Noise ratio
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Chapter 1
1.1

INTRODUCTION

Background

1.1.1 Motivation
Whilst the pivotal role played by rain fed Agriculture and its direct impact on livelihoods not only in
Zimbabwe but also in southern Africa is fully understood and well documented (Unganai 1997,
Makarau and Jury. 1997 (Mason, et al., 2009) , SARCOF, 2002.), Climate Change is one of the
threats that could scupper all rain-related developments potentially becoming a serious security issue
especially with regard to shared water resources.
The large intra- and inter-annual variability which is manifesting itself through frequent droughts and
other extremes in Zimbabwe’s precipitation has also recently worsened and is said to be partly
attributed to Climate change (Manatsa & Mukwada, 2012). Some permanent shift has also been
observed especially in the Zimbabwe onset of rains. Hulme et al (2009) on the other hand identified
two critical points learnt from the 1990s southern African drought that affected more than 20 million
people as being that:
a) short term climate variability is responsible for the most serious and most devastating impacts
on well-being and
b) the impact of climate change is determined by the economic and political vulnerability of the
population.
It is therefore prudent to note that even the gradual change in mean climate will inevitably be
accompanied by shifts in climate variability, whose devastating impact cannot be over-emphasised.
(Hulme et al ...). This calls for the need to look at Climate not as only having long term and gradual
impact, but also a very rapid impact that would negatively affect development.
Prior to looking at the rainfall component of Climate Change, this study first determines to describe
and understand the general climate, climate systems and Rainfall mechanisms influencing the area of
study (Zimbabwe in Southern Africa) and its vicinities. This will enable a deeper understanding of the
physical mechanisms behind the projected changes in rainfall (Engelbert et al, 2009)

1.1.2 Objectives
1. Understanding the Rainfall Physical Mechanisms, circulation patterns and systems for
Zimbabwe and South-eastern Africa as a basis for assessing model projected rainfall changes
2. Determining PRECIS model’s ability to reproduce the recent past or current climate.
3. Producing Climate Change projections for southern Africa and Zimbabwe and assessing the
robustness of the Climate Projections
1

1.2

Geographical location and General Climate

Located just north of the Tropic of Capricorn within the African tropics to subtropics, Zimbabwe’s
relief modulated climate consists of wetter and cooler conditions over higher ground (central
watershed and eastern highlands) whilst warmer and dryer conditions are experienced in the lower
regions of the west and southwest Zimbabwe Fig 1.1a. A unimodal rainfall (Fig 1.1b) occurs over the
austral summer season which officially begins in October and runs until March. Recent trends have
however shown some shift in the onset of rains to mid-November with some areas receiving rains as
late as December or January and running until April (MSD, 2011). Rains are mainly driven by the
movement of the ITCZ with Zimbabwe being the Southern limit of the ITCZ in Africa before it
retreats back to the north right over Zimbabwe hence the unimodal rain season. Rains can be heavy to
the extent that 45% of the annual rain falls on 10% of the rainy days. (Unganai and Mason, 2002;
Marchant et al, 2007).

Figure 1.1: Zimbabwe’s 1959-1988 Average Rainfall (mm) a) spatial distribution and b) Annual cycle

1.3

Zimbabwe Rainfall Mechanisms

Zimbabwe’s complexity, physically (as shown in Fig 1.2a Zimbabwe DEM) and climatologically
makes characterising simple rainfall comparisons a momentous task as it responds to these complex
physiography and atmospheric circulation systems. (Manatsa and Mukwada 2012). Using rainfall
(amount, intra- and inter-seasonality), as the main parameters, Vincent and Thomas (1960) delineated
the country into 5 distinct Agro-ecological regions commonly referred to as Natural regions (Fig 1.2b
Natural Regions) ranked from 1 to 5, according to their suitability to rain-fed agriculture, with 5 being
the least suitable.

2

Figure 1.2: Elevation Map for Zimbabwe Source: Wikipedia; b) Agro-ecological zones (Natural Regions) of Zimbabwe
(Source: FAO; after: Vincent and Thomas, 1960)

In spite of the complexities highlighted earlier, there is however some well-defined climatic controls
on precipitation that influence the country’s climate. These include the movement of the ITCZ
(described earlier on) and the synoptic circulations such as the sub-regional quasi-stationary anticyclones and the Botswana Upper high, which is usually dominant in the JFM period. (Manatsa and
Mukwada, 2012). As a predominantly oceanic feature whose position is also influenced by the
warmest SSTs, the ITCZ’s variation in both Pacific and Indian oceans is in turn affected by the El
Nino Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) (Marchant et al, 2007). Whilst the
ENSO warm phase (El Nino) is ‘traditionally’ known to be generally associated with low rains for
Zimbabwe and a risk of droughts in southern Africa whilst the cold phase (La Nina) is synonymous
with high rainfall and enhanced flood risk, Manatsa et al, (2008) states that it is the positive IOD
events, rather than ESNO which are the main drivers of lower rainfall in Zimbabwe. In this study,
monthly to seasonal observational rainfall data analysis reveal spatially coherent inter-annual
variability as shown below in Fig 1.3 (Inter-annual Variability plot).

Figure 1.3 Zimbabwe’s Inter-annual Rainfall Variability (mm) for all the 5 regions as well as the National average for the
period 1959-1988
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Data from 21 of Zimbabwe meteorological station networks was used to come up with the general
climatology of the study area. Whilst the data-set used in this study to produce this time-series is
relatively small (temporally and spatially), it is reproducing the 1959-1988 portion of Makarau and
Jury, (1997)’s corresponding rainfall time-series fairly well especially the peaks. Shown below (Table
1.1) are the Natural regions Inter-annual rainfall correlations for 1959-1988 confirming the nearhomogeneity of the Natural regions in terms rainfall driving mechanisms seen in Fig 1.3.
Zim Inter-annual Rainfall Correlation (1959-1988)
Rg 1
Rg 1
Rg 2
Rg 3
Rg 4
Rg 5
All Zim

Rg 2

Rg 3
0.86

Rg 4

Rg 5

0.90
0.93

0.80
0.89
0.92

0.75
0.73
0.80
0.85

All Zim
0.94
0.94
0.97
0.94
0.87
1

Table 1.1: Regional and National averaged mean rainfall inter-annual correlations for the period 1959-1988

The high regional rainfall inter-annual correlations mostly above 0.8 (Table 1.1) shows the similarities
in rainfall driving mechanisms. Orographic patterns and orientation on the other hand, modify the
precipitation intensity in Zimbabwe as shown (Fig 1.2a) in the eastern highlands which has a distinct
North-South orientation whilst the central watershed’s range of mountains along the Great Dyke have
a NE-SW orientation. (Manatsa and Mukwada, 2012). Thus annual rainfall totals (Fig 1a) vary from
below 400mm in the south,(west and extreme north ) up to more than 1600mm over the high ground
in places such as eastern highlands. These play an important role in the site-specific climate
projections and rainfall spatial distribution through their effect on intensity as Manatsa and Mukwada,
(2012 ) state that “as a result of complex terrain, local precipitation amounts are governed by
topographic controls at finer scales than the atmospheric controls of overall seasonality and
variability’’.
1.4

Rainfall Variability and Predictability

For adaptation to a changing climate or impact studies, decision-makers require quantitative climate
projections at the most localised scale/regional level. Whilst climate projections are available from
GCMs which represent the climate systems and drivers as well as incorporating the atmospheric-land
interactions, distant drivers, taking care of their evolution and response to the emission scenarios;
their ( GCMs) spatial scale is just too coarse for most impact studies, management recommendations
and policy formulation. Understanding the relationships between rainfall and its driver’s is key in
rainfall studies and impact studies as it improves the models, interpretation of their simulations and
assessment of their reliability. (Diro et al 2010a, IPCC AR4, 2007; Hudson and Jones 2002)

4

1.4.1 Source of Uncertainties in Rainfall Projections
GCMs simulations whose major forcing is the GHG especially CO2 also has large uncertainties
emanating from model uncertainty, scenario uncertainty and random internal variability of the climate
which affects climate projections. The worse instances is when models are even unsure of the sign of
the change in mean precipitation or have conflicting projections as is the case with the Fourth IPCC
report RCM Chapter on southern Africa’s main rainfall season (austral summer) shown in Fig1.4
IPCC AR4,2007; Hawkins and Sutton 2011; Tadross et al, (2005)).

Figure 1.4: Number of models out of 21 projecting increases in precipitation for Africa from the MMD-A1B simulations
change between 1980 to 1999 and 2080 to 2099 [Source: IPCC AR4, 2007]

1.4.1.1 Model Uncertainty
Model uncertainties arise due to different model construction and internal physics some of which may
not be represented accurately even by parameterisation schemes resulting in different models
projecting different future changes even if they have the same radiative forcings. In his comparison of
the two RCMs simulation of southern African summer climate, Tadross et al (2005) realised that the
UKMO’s PRECIS RCM (Jones et al 2004) and the 5th generation PSU/NCAR mesoscale model
(MM5 [Grell et al 1994]) were producing different projections (in terms of magnitude, intensities ,
rain-days, location and time of rainfall change in the region) possibly due to different representations
of each model’s internal physics and varying strengths of the model hydrological cycle. This was
despite the fact that both RCMs were nested within the same 10 years of control and integrations of
HadAM3H, which was forced by SSTs from HadCM3 and same (A2 SRES) emissions scenario. This
uncertainty can be represented though an ensemble of projections or multi-model ensemble as done in
the PROVOST and DEMETER/ project. (ECMWF, 2004).
For emission (scenario) based uncertainties, in addition to the low level of scientific understanding of
the radiative effect of most anthropogenic forcings within the scientific community, the quantitative
future changes in the amount (evolution in time) of forcings (especially anthropogenic and GHG)
which are currently the main cause of Climate Change is still a source of uncertainty. This is also
complicated by its interconnectedness with population growth, legislation, mitigation measures which
cannot be easily foretold leading to great uncertainties in GHG emissions projections. IPCC, (2007).
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1.4.1.2

Signal to Noise Ratio

Manatsa and Mukwada, 2012; Hawkins and Sutton, 2007 are in agreement that prior to quantifying
climate change, it is necessary to detect and estimate the inter-annual deterministic component or
rainfall signal to noise ratio (S/N) as this characterises the climate system. Defining ‘how large is the
expected change as compared to the uncertainty in the prediction’, signal to noise (S/N) ratio is a
critical aspect that determines the predictability of rainfall, with a value higher than 1 a clear signal
whilst close to zero shows that rainfall determined mainly by internal variability (Hawkins and Sutton,
2007). Whilst comparing climate projections for various regions of the world using many different
(CMIP 3) models, Hawkins and Sutton, 2009 concluded that besides precipitation change being a key
variable for adaptation, internal variability is a significantly more important factor for its predictions
of precipitation than it is for temperature. Thus, knowledge of the S/N ratio is critical in ascertaining
the robustness of the sign of the rainfall change as well as consistency/confidence and skill in the
projections prior to impact studies and adaptation.
The strength of emission signal increases further away from the initialisation of the projection period
(i.e. furthest projection time-slice) and whilst the internal variability error is most influential in the
early periods of the projection period (which is part of and just after the spin-up period). Hawkins and
Sutton, 2009; Jones et al, 2002.
Using decadal means of seasonal mean precipitation, Hawkins and Sutton, 2007 discovered that
internal variability is the dominant uncertainty for predictions of the first decade globally and up to the
third decade for many regions (including Africa). This is a worrisome discovery as this is the period
which many populations at risk consider crucial as it is ‘sensible’ for policy-makers in these regions to
plan and respond (by allocating the little available resources towards adaptation and mitigation) to an
imminent and closest events than something projected to be taking place say in 2070—due to the little
resources and adaptive capacity. Thus Washington et al, 2006 recommends that in order to have
policy-makers’ buying-into Climate Issue in Africa, the first and more useful step is to look at present
day variability rather than six decades ahead.
Signal to noise ratio is especially critical considering that internal climate fluctuations could
potentially mask or enhance the signal of anthropogenic changes for a period as long as a decade or
more thereby emphasising the importance of understanding these fluctuations especially for decisionmakers tasked with adapting to a changing climate. Hawkins and Sutton, 2011. In that same study,
the tropics were found to be having the lowest S/N ratio. The IPCC recognises that precipitation
projections rely on models as well as physical insight, with agreement encouraging stronger statements
as to the likelihood of climate change.

This forms the basis for this Regional assessment of

precipitation change especially on Southern Africa which is very vulnerable to Climate change where
convergence of both global and downscaled model output along with physical insights will be the
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basis for adaptation and mitigation interventions. In instances where there is near unanimity among
models with good supporting physical arguments (such as the case with middle and higher latitude),
stronger statements as to the likelihood of a regional climate change is feasible and in some
circumstances, physical insights alone clearly indicate the direction of future change (IPCC AR4)
For Zimbabwe, the S/N is high over much of the southern provinces where a ratio as high as 2.4 exist
with the rest of the country having generally good values [Unganai and Mason, 2002] implying that
there is reasonable skill in long term rainfall predictability and climate projections. Whilst Manatsa
and Makwada, (2012) argue that the origins of these variability is uncertain, the pair also acknowledge
that several studies connect them to various climate forcings like solar activity and intra-seasonal
oscillations (ISOs) such as the, QBO, MJO as well as more popularly known ocean-atmospheric
circulation indices such as the ENSO, IODMZ and BMI as outlined in the next section. Knowing the
effect of these and how the GCMs/RCMs represent them is very important as it underlines the
credibility of the model projections and also helps the interpretation or assessment of the assessment.
(IPCC AR4, 2007).

1.4.2 Role of the PACIFIC SSTs in Zimbabwe and southern African Rainfall
Despite the recent increase in interest about the Indian Ocean Dipole Modal Zone( IODMZ) and the
Indian Ocean SSTs, the Pacific Ocean is by and large the most well studied ocean in relation to the
southern African rainfall, with many studies pointing to ENSO’s very close relationship with southern
African rainfall variability (Misra,2003; Makarau and Jury,1997).
Southeast Africa’s austral summer rains are known to be lower than normal during ENSO warm
events, with magnitudes of the range of as low as 10-25% according to Janowiak (1988). Rocha and
Simmons (1997a) discovered that a strong relationship to be with the Southern Oscillation Index (SOI)
leading the southern African regional rainfall by 3-6 months. Interestingly, they also found a stronger
and very robust relationship/link with the Brandon Marion Index (BMI) - a measure of the changes in
the mean sea level pressure over Indian Ocean whose influence on south-eastern Africa is somewhat
independent of ENSO [BMI to be explained later]. Studies by Richard et al (2000) found a marginal
increase in correlation between southern African rainfall and the Tropical Pacific post the 1970 period
and attributed this increase in sensitivity to be most probably caused by the increase in correlation
between the SOI and more extensive Sea Surface Temperature anomalies (SSTAs) especially over
southern Indian Ocean. AGCMs simulations indicate that ENSO events with warmer SST over
southern oceans lead to a bipolar pattern between the southern Africa and western Indian Ocean
(Misra, V.2003). A combination of the east or central Pacific Ocean warming and an anomalously
warm Indian Ocean SSTs causes an eastward shift of the rising arm of the Walker circulation (shown
in Fig 3) from the African subcontinent to the central Indian Ocean reducing inland moisture flux and
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consequently drying the sub region at the same time enhancing the moisture flux over Indian Ocean.
Rocha and Simmons, (1997a); Misra, (2003); Lau, 2002 and Goddard and Graham (1999).

Figure 1.5: Schematic view of the east west atmospheric circulation along the longitude-height over the equator. The cell
over the Pacific Ocean is referred to as the Walker circulation. Its rising arm over Africa shifts eastwards adjusting to the
anomalously warm Indian Ocean. [Source: Lau et al 2003 in Misra, 2003]

While both AGCMs and analyses of lengthy rainfall observation data agree that anomalous SSTs over
the central and eastern Pacific Ocean counteract the circulation and precipitation anomalies caused by
the Indian ocean SSTAs over southern Africa and the Indian ocean, it must be noted that ENSO
related SSTAs in the eastern Pacific do not directly force the anomalous precipitation in south-eastern
African sub region, Misra (2003). The mechanisms surrounding how exactly ENSO gets to modulate
the Indian Ocean SST remains an area of active research although Klen et al (1999) suggest that
changes in atmospheric circulation accompanying ENSO modulate the Indian ocean SST through
changes in cloud cover and surface evaporation.

According to Misra (2003), whilst AGCMs

experiments with perturbed Pacific basin climatological SSTs would have been valuable in exploring
the influence of these SSTs on southern Africa precipitation, ACGM sensitivity studies lack the much
needed simultaneous air-sea coupling although at the same time coupled ocean-atmosphere models’
large climate drift errors makes them unsuitable for such a task. In the same study, it is concluded that
the spatial structure and temporal variation of the dominant southern African precipitation variability
is somewhat independent of the Pacific Ocean SST variability although the amplitude is. Strong
correlation between the southern African rainfall and the SON SSTs (especially the eastern Indian
Ocean SSTAs) confirms the importance of the dipole over the Indian Ocean and regional
teleconnections, which are modulated by the Pacific Ocean SST variability/ENSO.
In the absence of Pacific Ocean SST variability, model experiments suggest westward shifts in the
mean Walker circulation (towards Africa) thereby enhancing the southern African precipitation
variability’s correlation with the eastern Indian and south-eastern Atlantic Oceans and this diminishes
amplitude of the variability of the southern African’s rainfall variability (Misra, 2003). It is however
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critical to point out that this absence of Pacific Ocean SST variability does not affect the spatial
structure and temporal variability of Southern Africa rainfall.
1.4.2.1

Pacific Ocean’s non-linearity with southern African rainfall

Despite the conventional knowledge of general circulation which suggests that the longitudinal shift in
the rising arm of the Walker circulation may determine the climate anomalies over southern Africa
during ENSO events, there are reasonable suggestions that ENSO is not the sole precursor to the
regional climate variability as it fails to account for all the sub regional rainfall behaviour. Examples
of such episodes which expose the non-linearity of the ENSO-related climate anomalies over southern
Africa include the 1991/1992 El Nino in which southern Africa experienced the worst drought of the
century (Manatsa et al 2008) as rainfall was more that 80% below normal thereby seeing Zimbabwe
producing 13000 tonnes of maize-enough to feed the nation for only 2 days. This drought was the
most severe to date and yet the worst ENSO events such as the 1982/1983 and the famous 1997/1998
ENSO event had more moderate to insignificant impact despite their Pacific SST anomalies being
their strongest. In the same vein, the 1967/1968 anticipated excess rainfall did not only fail to
materialise but turned to be one of the extremes droughts instead, prompting scientists to further study
the areas leading to the emerging finding that the much of southern Africa’s the rainfall anomalies or
variability may be lying in Indian and Atlantic Oceans rather than being always Pacific ENSO event.
(Washington et al 2004; Manatsa, 2008)

1.4.3 Role of Indian Ocean
Whilst the role of the Indian ocean in Climate variability and whether it plays an active role or simply
responds passively to the wind and heat flux variability generated elsewhere is yet to be fully
understood and remains and active area of diagnostic and modelling research, recent studies have been
focusing more on the east-west mode of variability referred to as the dipole/Zonal mode (IODZM).
The Indian Ocean Dipole (IOD) is a coupled ocean-atmosphere phenomenon in the Indian Ocean
which is normally characterized by anomalous cooling of SST in the south eastern equatorial Indian
Ocean (Sumatra) and anomalous warming in the western equatorial Indian Ocean (east African coast)
as shown in Fig 1.6. It represents the zonal dipole structure of the various coupled ocean-atmosphere
parameters such as SST, OLR and Sea Surface Height anomalies. In its positive phase, the IODZM is
synonymous with shifting the normal convection situated over the eastern Indian Ocean warm pool to
the west and bringing heavy rainfall over the eastern (and drought over southern)Africa. A negative
IOD usually evolves preceding/following a positive IOD, with reverse consequences. Jamstec, 2012;
Saji et al, 1999; Annamalai and Murtugudde , (2004), Misra, 2003
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Figure 1.6: Schematic view of the IOD in the positive form (a); negative event (b). SST anomalies are shaded (red colour is
for warm anomalies and blue is for cold). White patches indicate increased convective activities and arrows indicate
anomalous wind directions during IOD events. [Source: Jamstec, 2012]

Figure 1.7: Formation of the Ekman ridge in the central Indian Ocean and the forcing of westward-propagating downwelling
equatorial Rossby waves to the west. The right-hand panel shows the effect on the upper ocean near 58 S. Panels show the
latitude-longitude sections of anomalous (long-term monthly average removed) SST. Source: Saji et al, 1999

In contrast to the tropical Pacific SSTs, the Indian Ocean SST variance although relatively small, is
tightly coupled to the thermocline variability as shown in (Fig 1.7) and is thus expected to influence
the regional climate variability. According to Saji et al, 1999 (whilst describing the events surrounding
the dynamics of the Indian Ocean during the 1997-1998 Indian Ocean warming), A positive IOD such
as in Fig 1.6a where a strong convection develops over heated land-mass of east-Africa during autumn
enhances the equatorial easterly flow resulting in Ekman transport driven by the easterlies. These
produce Ekman ridge in the SWIO, which in a bid to maintain equilibrium result in some complex
Rosby wave dynamics causing the ridge to propagate westward which in turn deepens the thermocline
to the west of the source of the Ekman convergence. In relation to southern African and Zimbabwean
rainfall, this deeper thermocline and reduced upwelling will result in the Indian Ocean continuing to
warm thus maintaining the driving force of the anomalous easterly surface winds hence modifying the
climate in a self-sustaining and complex way Saji et al, 1999. Annamalai and Murtugudde , (2004)
also highlights the unfortunate reality where several studies usually focus on the climatological
features such as the impact of the monsoon forcing on the physical IO basin as opposed to addressing
the inter-annual to decadal variability and also seek to understand the thermocline-SST feedbacks of
the SST variability heat budgets.
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One of the impediment to bettering of understanding the IODZM put forward by Annamalai and
Murtugudde , 2004 emanates from the SSTA observational errors, which are usually comparable to the
all-time-scale sea surface temperature variability. Annamalai and Murtugudde , (2004).
1.4.3.1 Dynamics of the Indian Ocean
The IO has no significant upwelling in the eastern equatorial region (in contrast to the Pacific and
Atlantic Oceans), but an even strong upwelling in the western equatorial region. Its seasonal cycle of
the SST warming propagates eastward unlike the equatorial Atlantic and Pacific Oceans. It also stands
out as the only tropical ocean with westerly annual-mean winds on the equator, which result in a
deeper thermocline in the eastern equatorial region .The most prominent feature of the equatorial
Indian Ocean (IO) is the semi-annual equatorial Kelvin waves and the associated eastward jets which
gives the IO its all year around Warmer than 27.5C SST in the eastern equatorial region.
Because of this warm pool which is in excess of the tropical deep convection threshold, the eastern IO
experiences heavy precipitation throughout the year, resulting in a barrier layer whose variability may
play a critical role in the inter-annual variability of the tropical IO. Annamalai and
Murtugudde,(2004).
1.4.3.2 South West Indian Ocean (SWIO)
Winds in the Southern IO, partially influenced by the Indian Ocean subtropical high are predominantly
south easterlies to the south of about 10o S and seasonally reversing southwest and northeast
monsoons to the north of 10 S. This makes the deep tropics between the equator and about 10o S
subject to seasonally reversing Ekman pumping, which leads to a doming thermocline structure,
especially in the west [Annamalai and Murtugudde, 2004]. Studies by Latif et al, [1999] indicates the
direct role of IO SST anomalies on the southern Africa rainfall, a finding supported by Goddard and
Graham [1999] who using AGCM experiments, showed that Southern African rainfall anomalies were
also forced by the western IO SST anomaly
1.4.3.3 Indian Ocean in response to Pacific Ocean and its influence on southern Africa
Whilst the IO response to ENSO is well known to be a basin scale surface warming/cooling with a lag
of about a season, the subsurface response appears to be simultaneous, forced by ENSO related wind
anomalies [Annamalai and Murtugudde , 2004]. Unfortunately just like in Asian monsoons, the
majority of the studies exploring the variability of the east and southern African rainfall have looked at
ENSO as the remote driver, yet overwhelming observational and modelling evidence show that the
South African rainfall variability is forced remotely by SST anomalies in the western tropical IO.
Mason and Jury, 1995; Jury, 1996; Goddard and Graham, 1999). Makarau and Jury, 1997 state that the
variability of summer rainfall over Zimbabwe is related to tropical IO SST.
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Recently, Behera and Yamagata [2001] identified a dipole-like variability in SST over the subtropical
Southern IO that is correlated with rainfall over Southern Africa. Rainfall seasonal mean can be
significantly affected by the number of tropical cyclone days as many studies show that the SST over
central and southern IO has an impact on the Tropical cyclone days in the SWIO .
1.4.3.4 North –South IO SST differences (BMI)
In a bid to respond to the three critical questions put forward by the CLIVAR Africa Implementation
Plan namely: causes of the African Climate variability, the current dynamical model’s ability to
simulate this variability and the role of the surrounding (Indian and Pacific) oceans in modulating this
variability, Washington and Preston et al (2003, 4, 6) carried out some idealised experiments in
HadAM3. A combination of observational analyses (Reynolds SSTs, Hulme rainfall, Sea level
Pressure and NCEP re-analysis circulation field) and (these) idealised model experiments featuring
HadAM3 forced with SSTs enabled the identification of non-ENSO key SSTs patterns and circulation
mechanisms associated with the southern African summer rainfall. The anomalous sea surface
temperature (SST) gradients during the early austral summer in the southwest Indian Ocean (SWIO)
are shown to be the most important pattern controlling southern African rainfall variability.
Modification of the non-ENSO SST gradient with warming in the south and cooling in the north of the
SWIO (Fig.1.8a) produces circulation anomalies favourable for wet conditions over southern Africa,
whereas cooling in the south and warming in the north favours dry conditions. (Preston et al 2000).
The atmospheric response to these SST anomalies (warm South and cool North) is a spin up of the
Indian Ocean anticyclone, enhanced moisture flux across the African coastline through the lowest 3
km of the atmosphere, moisture flux convergence into the southerly most location of the ITCZ over
Africa, and consequent enhanced convection (Fig1.8b). The features are similar to those shown where
observed fields were used, although the model varies clearly in details of the moisture flux
convergence over the continent. Reversal of the SST gradient leads to a symmetrically opposite
response. The cooling shown in Fig. 1.8b is sufficient to induce this pattern of atmospheric response
on its own; the warming, by contrast, is insufficient to do so on its own. In the case of the cooling
alone, however, the response is weaker than is the case for both the warm and cool SST anomalies.
These anomalies in the southwest Indian Ocean exert much more marked influence on the atmosphere
than remote ENSO forcing from the Pacific or the Pacific and the Indian Ocean (Fig.1.8b). In all, these
results reinforce the importance of Indian Ocean SST patterns in influencing southern African rainfall
variability, suggesting that the extremely wet years such as 1974 and 1976 were not due to Pacific but
more regional (Indian) Ocean SST forcing. Results also indicate that the atmosphere dynamics are
very sensitive to the location of the SST warm and cool pools.
In addition, the origin of the SST patterns shown in Fig 1.8a needs to be determined. This mode of
SST variability reveals itself to be the prime pattern influencing southern African rainfall in several
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coupled models. Analysis of observed (Zimbabwean) rainfall and SSTAs seem to support this notion
as rainfall is shown in the next chapters.

Figure 1.8 (a) Idealized sea surface temperature anomalies in o C associated with anomalously wet conditions over southern
Africa in the austral summer. The patterns are linearly independent from ENSO. The wet years of 1974 and 1976 characterise
this pattern. (b) Circulation response in the UK Meteorological Office model HadAM3 to the idealized sea surface
temperature anomalies in Fig. 1b. Vectors are moisture flux anomalies at 700 hPa, lower specific humidity at 700 hPa (red)
and high specific humidity at 700 hPa (blue). Only statistically significant fields (0.05 level) are shown. [Source:Washington
and Preston, 2004,2006]

1.4.3.5 Indian Ocean and Zimbabwe rainfall
Manatsa et al (2008) found the IODZM’s impact on Zimbabwe’s summer rainfall to be particularly
overwhelming as compared to that of ENSO when the two are in competition and its influence also
remains very high and significant even when the ENSO contribution is eliminated. Whilst the impact
of ENSO (on Zimbabwe’s summer rainfall) collapses to insignificance when the IODZM contribution
is removed, the ENSO’s influence and relationship with Zimbabwe seems to be reflecting El Nino’s
association IODZM. The same study also noted that removing both IODZM and El Nino from the
analysis renders ENSO unimportant to the country’s rainfall variability.

Despite the positive

IODZM’s synonym with deficit rainfall whether it occurs alone or in combination with El Nino, it
does not necessarily mean that El Nino influences drought through positive IODZM events.

1.4.4 Other mechanisms
Other aspects which were found to influence rainfall in the long run for the region are Land Cover
Change and Local circulations, soil moisture, Atlantic and Indian Ocean Sub-Tropical anticyclones,
Atlantic 200hpa winds, MJO, QBO, Tropical Cyclones as well Temperate-Tropical Cloud Band (TTC)
or Standing Waves.
1.5

Zimbabwe’s Climate Change

1.5.1 Observed Climate Change
Funk et al, (2008)’s analysis of in-situ station rainfall data, satellite data also showed that the southern
Africa’s rainfall season has shrunk by 15% in step with the recent increases in radiative forcing. This
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is worrisome as it is affecting countries dependent on mostly rain fed agricultural in the western rim of
the Indian Ocean. (Fig 1.9)

Figure 1.9 a: Rainfall trends showing decreases in South-eastern Africa; b) Projected Indian Ocean precipitation [Source:
Funk eta al 2008]

Fig 1.9 shows main growing-season rainfall and per-capita agricultural capacity trends for 10 eastern
and southern African nations. The downward-pointing arrows indicate countries that experienced key
growing-season rainfall declines between 1979 and 2005 (Ethiopia, Kenya, Burundi, Tanzania,
Malawi, Zambia, and Zimbabwe). Note the geographic clustering of observed rainfall declines along
Africa’s eastern seaboard. The declining per-capita agricultural capacity/ increasing food insecurity in
line with diminishing post 1980 DJF rains in southern Africa is believed to be associated with
anthropogenic warming in the Indian Ocean according to Funk et al (2008).
Countries with left-pointing vectors (Ethiopia, Uganda, Zambia, and Zimbabwe) have experienced
1994–2003 declines in per capita agricultural capacity.
In an unrelated study, Hulme and Sheard, (1999) observed that average rainfall has decreased by
during the 20th century with the 1990s being the driest decade for the same region.

1.5.2 Other climate Projected changes
Using (CMIP) climate model simulations and observations, Funk et al (2008) argue that the recent
declines in the southern African growing-season rainfall are closely related to the anthropogenic
warming of the Indian Ocean and this link with global warming justifies their allusion that the rainfall
decline is set to continue and /intensify. This result is consistent with other previous analyses which
are anticipating rainfall declines in southern Africa (Funk et al 2008, Unganai 1997), although Tadross
(2005) shows that what is decreasing is the number of rainy days but intensity is increasing (Fig 1.10)
at least in the eastern part of Southern Africa. The south-central Indian Ocean (0-15S, 60-90E)
warming has a similar effect to both near coastal eastern and southern African Austral summer (boreal
winter and spring) as it reduces onshore moisture transport and also increase continental atmospheric
stability. This mechanism involving this common anthropogenic Walker-cell-like disruption which
may have caused declines in both regions (east and southern Africa alike) as explained in Fig 1.5 and
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by the gauge data, satellite observed precipitation, lake levels and vegetation indices is likely to
persist. Funk et al, 2008.

Figure 1.10: 2080 Rainfall Projections suggesting that rain days will decrease but Intensity increase in eastern parts of
Southern Africa with the west generally drying. [Source Tadross et al 2005]

Hulme and Sheard 1999’s model experiments suggest annual decreases across the country in the future
with more confidence in the early and late rains as opposed to the main rainy season. For B1-low
scenario the magnitude around -5% and up to -18% for the A2-high scenario as compared to the 19611990 averages. The other summaries are as follows 2020s : -5% (-3 to -6%),

2050s : -8% (-4 to

12%) and -10% (-5 to 18%) for the 2080. Figures 1.11 and 1.12 overleaf shows the IPCC AR4, (2007)
projected rainfall. Note the smallness of the skill of anticipated change in DJF rainfall which is the
most crucial showing the uncertainty in southern African rainfall as also shown by Fig 1.4.
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Figure 1.11: Projected Rainfall changes under the A1B scenario for Africa during the DJF and JJA 2080s period (IPCC AR4,
2007) Blue and green areas on the map are by the end of the century projected to experience increases in precipitation, while
areas in yellow and pink are projected to have decreases.

Figure 1.12: Projected fractional Rainfall % Changes for the 2080s for Africa’s Annual, DJF and JJA respectively. (IPCC
AR4, 2007)
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Chapter 2
2.1

VERIFICATION OF RAINFALL PHYSICAL MECHANISMS

Introduction

This section contains observed rainfall data analyses and its to other NCEP Reanalysis parameters
aimed at verifying some of the physical mechanisms, circulation patterns and rainfall systems
identified earlier on in the literature review. As in Rocha and Simmonds (1997a, 1997), the specific
objective will be to review how the large-scale circulations adjust and respond to the SST forcing and
the consequential rainfall changes. The correlation and composites plots enables reviewing the
physical mechanism and applicability

of some of the rainfall theories/arguments and model

experimental results put forward by such studies as, Washington and Preston (2004, 2006); Rocha and
Simmons 1997; Misra 2003, Makwada and Manatsa 2012 earlier on.
The work links the statistical findings and spatial correlations with the dynamics of mostly the nonENSO signal such as the North-South Indian Ocean SSTA dipole (the Brandon-Marion Index), which
in addition to the East-West Indian Ocean Dipole Zonal Mode (IODZM), which has been found to
have a higher bearing on Zimbabwean and southern African rainfall than the Pacific Ocean Indices
such as ENSO. (Washington and Preston (2004, 2006); Rocha and Simmons, 1997; Misra, 2003;
Makwada and Manatsa, 2012). It is envisaged that such examinations and in-depth research will
deepen the understanding of rainfall variability and possible change thereby bringing out further clues
on how exactly the Indian Ocean and related circulations influence rainfall. This will feed into and
ultimately improve the GCMs’ representation of these systems thereby translating into improved
assessment of rainfall projections for the region as well as the accuracy of the projections themselves.
This is also in line with the IPCC AR4 (2007) which indicated that regional climatic change
projections can be assessed from physical understanding of the processes governing regional responses
and recent historical climate change which entails the use of physical mechanisms in assessing and
interpreting projected change. The large scale systems such as ENSO and other global systems which
are critical in climate variability and change are also looked at in view of the critical contribution as
the systems evolve in response to anthropogenic forced climate change.
2.2

Experimental Design

2.2.1 Zimbabwe standardised Precipitation Index (SPI) or Inter-annual Rainfall
variability
The rainfall data was averaged into national and regional annual totals and then standardised (by
expressing each year’s rainfall as a number of standard deviations from the 30 year mean i.e 19591988) according to Washington and Preston, 2004. As shown in Figure 2.1, doing so enables better
visualisation and bringing out the extreme (heavy and deficit) rainfall years. Standardized
Precipitation Index (SPI) assigns a single numeric value to the precipitation which can be compared
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across regions with markedly different climates. The SPI is in reality the number of standard
deviations that the observed value would deviate from the long-term mean, for a normally distributed
random variable.

2.2.2 SSTAs associated with Zimbabwe’s extreme rainfall events.
5 extreme years of the heavy and low rainfall were selected from the national average rainfall (SPI) for
the period 1959-1988 and the underlying average SST patterns for those years plotted from as NCEP
re-analysis composite. This was done to enable the identification of possible regions of sensitivity as
highlighted by the SST and rainfall correlations below, and as a starting point for possible way of
investigating the physical mechanisms. Fig 2.2a and 2.3a shows the results for the high and low
rainfall categories’ SSTA respectively. Corresponding low-level vector wind anomalies (Fig 2.2 and
2.3b) which are proxy for low-level moisture transport were also plotted for each extreme.

2.2.3 Rainfall correlations with SSTAs (SSWIO, NSWIO, SWIO and Nino 3.4)
2.2.3.1 Month by Month Regional Rainfall and SST anomaly Correlations
Each of Zimbabwe’s 5 Natural Regions monthly rainfalls was

also uploaded onto the NCEP

Reanalysis site and correlated with SSTAs for the South Western Indian Ocean (SWIO)’s two regions
i.e. the Tropical Indian Ocean-south of the equator herein referred to as the NSWIO northern region
(NSWIO): latitude 0°S to 20°S, longitude 30°E to 90E and southern region(SSWIO): latitude 20°S to
40°S, longitude 30°E to 90°E) as well ESNO’s Nino3.4 region of the Pacific ocean (latitude 5° N to
5°S, longitude 120°W to 170°W). These two oceans’ SSTAs are shown to be key in determining the
southern African Rainfall, and are statistically related to the Zimbabwean rainfall as shown by their
correlations (Fig 2.4). They also represent the North-South Indian Ocean SSTA gradient defined by
Rocha and Simmonds (1997a) as the Brandon Marion Index (BMI) as well as the El Nino Index
Southern Oscillation.
2.2.3.2 Seasonal Averaged Regional Rainfall and SST anomaly correlations
The 5 Natural Regions in Zimbabwe’s seasonal average rainfalls were also correlated with the
seasonal averaged SST anomalies for the earlier mentioned regions to produce quantitative results
tabulated on Table 2.1 shown Subsection 2.3.3.1 ahead.

2.2.4 Rainfall Regression Analysis with SST (SWIO, SSWIO, S-N and SWIO)
The Regional rainfall amounts were also regressed with averaged SSTAs for the two Indian Ocean
regions in order to investigate the statistical significance of the relations between rainfall and SST
anomalies over the time-period of the study (1959-1988) for each of the 2 region of the SWIO as well
as the difference between the South and Northern SWIO SST anomalies and SWIO SST anomalies for
the entire (combined regions of the) SWIO. Fig 2.5 shows the results and the differences in
sensitivities of each of Zimbabwean Natural region to these oceanic regions.
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2.3

Results and Discussion

2.3.1 Zimbabwe standardised Rainfall Inter-annual variability

Figure 2.1 Zimbabwe Inter-annual Standardised Precipitation Index (SPI) for October to March Season with pinkish-red
depicting the 5 driest years and green showing the 5 wettest years for the 1959-1988 period.

Fig 2.1 shows the standardised precipitation index for Zimbabwe’s 1959-1988 austral summer
rainfall season. Pinkish red are 5 driest yeas whereas green are the wettest. These highlights the major
extremes during that time-slice which are also in agreement with other studies such as Rocha and
Simons 1997a, Washington and Preston, 2006, Goddard and Graham, 1999 especially for the wettest
years such as 1974, 1978 as well as the driest years 1959/60, 1967/8 and 1982/3 amonst others.

2.3.2 Zimbabwe austral summer extreme rainfall correlation with global SSTAs.
There is a clear North-south SSTA divide in the South Western IO in both extremes as shown in Figs
2.2 - 2.3.
2.3.2.1 Zimbabwe’s High Rainfall Years in for 1959-1988 (1974, 1978, 1981, 1975, 1972)

Figure 2.2 Zimbabwe’s high rainfall years a) SSTA patterns for showing a cool SSTA in the NSWIO (
against a
SSWIO warming SSTA and b) wind anomalies having strong North easterlies which will be advecting moisture
into southern Africa.

Fig 2.2a SSTA composite is showing North-South Indian Ocean SST anomaly dipole (BMI) where
the Tropical waters (NSWIO) are anomalously cooler by (≈-0.7 ) against a ≈0.4

SSWIO warming

during the same summer season. This is consistent with in Southern Africa’s high rainfall favourable
conditions according to Rocha and Simmonds, 1997a; Goddard and Graham, 1999; Washington and
Preston 2004, 2006). The cool northern SWIO SSTA which corresponds to the Central Equatorial
Indian Index [CEI] located 0-15

in Goddard and Graham, 1999 or tropical Indian Ocean
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or North of

20 S in Rocha and Simmonds, 1997a) during Zimbabwe’s high rainfall years is

consistent with several studies.
The high rainfall is further enhanced by a warm southern SWIO (corresponding to the subtropical
Indian Ocean region according and south of the 20 S in Goddard and Graham, 1999 as well as Rocha
and Simmonds, 1997). The SST anomalies in Fig 2.2a enhance strong north Easterly moist monsoonal
winds into the south-eastern African subcontinent (from the High pressure south of the Equator in the
tropical Indian Ocean emanating from cooling SSTs) which bring the much needed moisture from the
Indian Ocean. This is also evident in the vector wind anomaly patterns in Fig 2.2b where the winds
have mainly an easterly component. It also enhances the convergence with the South Easterlies
emanating from the quasi-stationary subtropical high pressure cells all resulting in a more vigorous
convergence, intensification of ITCZ and high rainfall. This moisture advection is also confirmed by
the low level vector winds which in this case is a proxy for moisture transport in Figs 2.2b. Model
experiments by Rocha and Simmonds 1997b,, as well as Washington and Preston 2004, 2006 also
confirmed the effect and validity of the large-scale circulations forced by this SST forcing as Goddard
and Graham, 1999 puts it that whilst SST variability over the Pacific ocean exerts some influence over
the southern African rainfall, it is the atmospheric response to the Indian Ocean variability that is
essential for simulating the correct rainfall response over southern Africa. The positive pressure
anomalies around the equator in response to the cooling tropical Indian Ocean explains the origin of
the North Easterly winds which will also converge with the SE thereby strengthening the ITCZ during
the high rainfall years.
Washington and Preston, 2006 used GCM model experiments would investigate the rainfall response
to the NSWIO and SSWIO individually (herein referred to as N SWIO) found that an anomalously
cool NSWIO region alone is sufficient to force the circulation and cause a wetter than normal situation
over southern Africa. Goddard and Graham, 1999 and Rocha and Simmonds, (1997a, 1997) concurred
with those findings as well. The warming in the southern Indian subtropical region (herein referred to
as S SWIO) slightly enhances this positive rainfall correlation in the south-eastern African region does
not in itself cause increase in rainfall. These findings support those of Goddard and Graham, 1999 and
Rocha and Simmonds 1997a, b. Fig 2.3a agrees with these findings –highlighting the importance of
cooling in the SSWIO for dry years.
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2.3.2.2 Zimbabwe Low Rainfall Years (1959-1988): 1968, 19 73, 1983, 1987, 1960)

Figure 2.3 Low rainfall years a) SSTA pattern and b) low-level wind anomalies. Note the warming anomaly in the NSWIO
(east of Madagascar) and the wind reversal response (to south Westerlies) advecting moisture away from southern Africa.

Fig 2.3 shows the average SSTA pattern for low rainfall years as well as the corresponding low-level
(850hPa) vector wind anomalies. The NSWIO region is having an overall positive SSTA (
east to north-east of Madagascar whereas its southern counterpart is largely negative with areas south
to south-west of Madagascar having an SSTA of

. Whilst a reversal in the south Indian

Ocean SST anomalies (BMI) from the high rainfall-causing SSTA pattern in Fig 2.2 results in
southern Africa drying, the relative importance of the SSTAs in each of the two Indian regions to
rainfall variability remain unchanged, as the SSWIO alone’s effect remain insignificant. An SST
composite of the SST anomalies of Zimbabwe’s 5 driest years (shown in Fig 2.3) confirms this
argument. In this composite, a very small positive anomaly in the Central Indian Ocean and a stronger
negative magnitude of the southern SWIO/subtropical Indian Ocean SSTs is enough to cause
widespread dryness in the southern African sub-region.

The dryness results from the cyclonic

circulation that forms east of Madagascar (in response to that little warming in the Tropical SSTs)
resulting in 850 hPa winds taking a westerly component and advecting moisture away from the
southern African sub-region hence the drier condition. The moisture convergence around the cyclone
east of Madagascar is also evident in the wind fields (Fig 2.3b) as well as the Relative humidity
composite (not shown here) for the dry years, all confirming the moisture transport to and convergence
in Indian Ocean which consequently deprives southern Africa of moisture. In certain instances the
NSWIO warming is not strong enough to cause reversal of winds (from North easterlies to south
westerlies) but disrupt the large-scale circulation by weakening the north easterlies and manifestation
of the ITCZ over southern African. Whilst this result in reduced convergence and low rainfall over
land, the ITCZ seemingly ‘shift’ to the Indian ocean-East of Madagascar as suggested by Funk et al
(2008) and Rocha and Simmonds 1997.
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2.3.3 National and regional rainfall correlations with sSWIO, nSWIO, SWIO SSTs
There is significant variability in the SST correlation mainly temporally and also spatially as per the
findings shown in the subsections below.
2.3.3.1 Zimbabwe’s austral summer Rainfall’s correlations with SSTs for 1959-1988

Figure 2.4: Zimbabwe ONDJFM National Rainfall Correlation with SSTs for the years 1959 to 1988. Note the Indian N-S
SSTs.

NSWI0
SSWIO
SWIO
Nino3.4

SSWIO
SWIO
Nino3.4 Rg1
Rg2
Rg3
Rg4
Rg5
All Zim
0.57
0.86
0.56
-0.31
-0.20
-0.27
-0.12
-0.18
-0.25
0.91
0.04
0.10
0.27
0.27
0.30
0.28
0.25
0.31
-0.10
0.07
0.03
0.13
0.07
0.03
-0.50
-0.39
-0.45
-0.30
-0.26
-0.43

Table 2.1: Zimbabwe seasonal Regional Rainfall Correlations with SSTAs for regions of the Indian and Pacific Oceans.

Fig 2.4 which is a spatial correlation plot of Zimbabwean summer rainfall (October to March) and
SSTs shows rainfall’s negative (positive) correlation with the NSWIO (SSWIO) SSTs of the order
0.5 and

. For the NSWIO and SSWIO Table 2.1 shows the Natural Regions’ quantitative

correlations with SSTs. From Table 2.1, Natural Region1 which covers much of Zimbabwe’s eastern
highlands has a negative correlation with the combined SWIO as well as Nino 3.4 region SSTs. All
the other regions have positive correlations with both SSWIO and SWIO whilst Zimbabwe’s rainfall
has negative correlations with ENSO and NSWIO in all regions. Region 1 also has the largest
correlation with both NSWIO (-0.31) and Nino 3.4 region (-0.50).
Precipitation-SST correlations are low but consistent which suggests that the data are noisy and much
variability is not controlled by SST forcings. The fact that the correlations are consistent across
regions and much higher when the regions are aggregated suggests that there is a signal from the SST
which is however obscured by the natural variability on the finer spatial scale.
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2.3.4 Zimbabwe regional rainfall SSTA Regression Analyses (SWIO, SSWIO, S-N S)
2.3.4.1 October to March averaged Rainfall Regressed against northern SWIO SSTA

Figure 2.5 : Zimbabwe’s 1959-1988 Summer (October to March) Seasonal rainfall (mm) and NSWIO SSTA (
analysis for 1 - 5 Natural regional averaged values and National average rainfall.

regression

Figure 2.5’s consist of natural region 1 to 5 and National seasonal (October to March) averaged
rainfall (in mm) plotted against the tropical Indian Ocean (NSWIO) sea surface temperature anomalies
(SSTA) in

Rainfall is shown to be increasing with decreasing SSTs in the Tropical Indian

Ocean/Northern South western Indian Ocean for all Zimbabwean natural regions, cementing the
negative correlations found earlier on between Zimbabwe Rainfall and Central Indian Ocean Tropical
SSTs (N SWIO). This is applicable in all regions although strongest in Zimbabwe’s eastern highlands
(Nat Region1) as explained earlier on in section 2.3.3.
2.3.4.2 Southern SWIO SST Anomalies and Seasonal (Oct to Mar) Rainfall Correlations

Figure 2.6: Zimbabwe’s 1959-1988 Summer (October to March) Seasonal rainfall (mm) and SSWIO SSTA (
analysis for 1 - 5 Natural regional averaged values and National average rainfall.
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regression

Fig 2.6, which is similar to Fig 2.5 but being rainfall correlated with Indian Ocean subtropical SSTAs
(SSWIO) is showing rainfall increasing with increase in SSTs in the Indian subtropical region
(SSWIO) although the strengths of the correlation vary slightly across the regions.
2.3.4.3 SWIO SST Anomaly Correlations with Zimbabwe austral summer Rainfall

Figure 2.7: Regression analysis of Zimbabwe’s regional and national October to March rainfall for the period 1959-1988

From Fig 2.7 which shows rainfall relations to the entire South Western INDIAN Ocean basin wide
SSTs, it can be seen that other than the Natural region 1 which is showing a decrease in rainfall as the
basin warms, Zimbabwe’s rainfall is set to increase if the above correlation is anything to go by. It is
however worth mentioning that as shown by the small correlation coefficient values (less than 0.02 for
all regions and for the national value) in Fig 2.7, this relationship is very weak and almost insignificant
hence it may not be any meaningful signal of the possible climatological response to this basin-wide
warming as they are other competing effects of warming of the whole ocean basin.
2.3.4.4 El Nino (Nino3.4) SST Anomalies and Rainfall

Figure 2.8: Zimbabwe’s 1959-1988 Summer (October to March) Seasonal rainfall (mm) correlation with the SSTA (
the Pacific Nino 3.4 region for 1 - 5 Natural regional averaged values and National average rainfall

in

Fig 2.8 which shows Zimbabwe’s 1959-1988 Summer (October to March) Seasonal rainfall (mm)
correlation with the Nino3.4 SSTA for Natural region 1 – 5’s averaged values and National average
rainfall is having a decreasing rainfall with increasing SSTs in the central Pacific confirming the well
documented excess rainfall relations with La Nina (Pacific SST cooling) and dryness with El Nino.
Rocha and Simmonds, 1997 also talks of North-South dipole rainfall response over land between eastAfrica and Southern Africa when it comes to the ENSO effect hence the observed heavier rainfall in
El Nino years for East Africa.
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2.3.4.5 Southern-Northern SWIO SST Anomaly difference Correlations with Rainfall

Figure 2.9 : Zimbabwe’s 1959-1988 Summer (October to March) Seasonal rainfall (mm) correlation with the SSTA
difference between SSWIO and NSWIO ( ) (South-North) for 1 - 5 Natural regional averaged values and National average
rainfall

Fig 2.9 which shows Zimbabwe’s 1959-1988 Summer (October to March) Seasonal rainfall (mm)
correlation with the SSTA difference between SSWIO and NSWIO (

(South-North) for 1 - 5

Natural regional averaged values and National average rainfall is having an increasing rainfall as the
South-North difference increase. This confirms that as the NSWIO become more anomalously cooler
than the SSWIO region, rainfall increases. The simple extrapolation of the decrease is partly
influenced by Collins (2004) finding that there is a likelihood of a shift towards El Nino-like climate
change and also on Funk et al 2008’s findings showing that there is continued warming in the Indian
ocean surface as these temperatures (Fig 2.10) in a pattern closely following the global rise in
temperatures. My studies of the Indian Ocean Kaplan SSTA difference between the NSWIO and
SSWIO for the period Oct to March of 1948-2012 (Fig 2.11) also shows that the North-South gradient
is reducing and so it is scientifically plausible to conclude that rainfall is reducing. The NSWIOSSWIO SSTA difference trend (Fig 2.11) is showing a negative trend suggesting that whilst both the
NSWIO and SSWIO regions of the Indian Ocean are warming, the NSWIO is warming at a faster rate
than its subtropical counterpart.

Figure 2.10: Evolution of Indian Ocean SST showing warming and close relations with global temperatures (Source: Funk et
al, 2008)
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Figure 2.11: Kaplan NSWIO, SSWIO and South-North of South Western Indian Ocean SST Anomalies for the period 194820012

2.3.5 Investigating the Possible effect of Changes in the Central Indian Ocean
Rising SSTAs on the Circulations that influence rainfall in Southern Africa
2.3.5.1 Effect of Indian Ocean warming on Rainfall-related circulations

Figure 2.12: a)Circulation patterns showing the evidence of increase in Tropical Indian Ocean Sea Surface Temperatures; b)
Corresponding easterly wind anomalies for the corresponding SSTA in (a) which will be advecting moisture away from
southern Africa.

Fig 2.12a) which is a plot of the changes in SSTs between the recent summer years October to March
of 1997 to 2004 and the far past period (October to March of 1949-1954) is clearly showing a
comparatively warmer Indian Ocean basin with the largest magnitude of over 1

over the equator

(NSWIO) and an almost neutral to cool higher latitudes (SSWIO). Vector wind plots (Fig 2.12b) for
the corresponding periods are showing a south-westerly anomaly and convergence over the warmer
Tropical waters and presumably deficient moisture in the sub-region. This makes it possible to
hypothesise a decrease in rainfall as long as the relatively increased NSWIO warming increase.
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2.4

Discussion

Table 2.3 and section 2.3.4.3 have shown that the influence of ENSO (herein measured by the
Nino3.4) on summer rainfall is evident. The relationship is such that south-eastern Africa tends to
experience dry conditions during the El Nino summers as shown in the Fig 2.3.
Experiments by Rocha and Simmonds 1997a, Manatsa and Mukwada 2012, Webster 1999,
Washington and Preston 2004, (2006) brought out a second and most important index as it is derived
from the SSTAs which give the most correct signal on southern African rainfall (Goddard and Graham
1999), the Brandon–Marion Index (BMI) which is indicative of changes in the pressure field over the
Indian Ocean in response to SST variability. BMI correlates with rainfall better than ENSO. Literature
also shows that the SST–rainfall link over the Indian Ocean remains strong after the ENSO effect has
been removed, suggesting that the atmospheric circulation anomalies observed over south-eastern
Africa during summers, are directly and better linked to the SST anomalies over the Indian Ocean than
Pacific. This partial correlation analysis which reveals that the BMI influences rainfall independently
of ENSO confirms that understanding these indices and the links between them (ENSO and the BMI)
is critical in assessing the south-eastern African region’s rainfall physical mechanisms and climate
change projections. Rocha and Simmonds, 1997a; Manatsa and Mukwada, 2012; Washington and
Preston (2004, 2006)
A closer look at rainfall associations with global SST anomalies reveals areas in the tropical Indian
and Pacific Oceans that are linked with rainfall changes over the subcontinent with warm anomalies
tending to be forcing dry conditions over much of south-eastern Africa. Under the same dry south-east
African conditions, anomalously warm tropospheric temperatures and marked low-level cyclonic
circulation anomalies over the central Indian Ocean, which generate abnormally weak easterly winds
along much of the south-eastern coast of Africa, tend to drive large-scale circulations which divert
low-level moisture from the continent and result in precipitation decreases.
It is however important to mention that all the Regions’ correlations with the basin-wide (SWIO) SSTs
is very low (ranging from 0.03 for natural region 3 to a maximum of 0.13 Rg4) and does not follow
any logical. Findings in Fig 2.3 and Table 2.1 are also going along with Unganai and Mason (2002)
who mentioned the Central Indian Ocean SST anomalies’ negative correlation of up to -0.50 with
summer rainfall in a region stretching from central Mozambique into much of Zimbabwe. This
relationship is further cemented by Rocha and Simmonds (1997), who also explains the decreasing
correlation moving further from the Zimbabwean eastern highlands (Natural Region1 to Natural
Region 5) to the western parts of the country which is clearly shown by the NSWIO correlation values
which generally decrease from the east (-0.31 for Region 1 which is the east most part of the country)
going to the west (Where values are 0.12 Region 4 which is the furthest region from the east).
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Chapter 3
3.1

MODEL VALIDATION

Introduction

This Chapter is aimed at describing Providing REgional Climates for Impacts Studies (PRECIS), a
portable RCM which can be run on a simple anywhere in the globe to produce detailed climate change
scenarios. This section also assesses the PRECIS model performance and its suitability for Climate
projections in the regions of interest. It looks at both the PRECIS ERA-Interim data and an ensemble
of

HadCM3Q*

(representing

HadCM3Q0,

HadCM3Q2,

HadCM3Q9,

HadCM3Q13

and

HadCM3Q14) GCMs driven model simulations of the recent past climate in comparison to station
gauge-based rainfall observation data. These processes are very crucial is a necessary condition
climate models ability to project future climate partly depends on their adequacy in simulating the
present-day climate. (Engelbert et al, 2009). Much of the PRECIS RCM model specification
descriptions in this chapter are drawn from the PRECIS Handbook (Jones et al, 2004) and Technical
manual (Wilson et al., 2005) .

3.1.1 GCMs and RCMs
According to Hudson and Jones,(2002) whilst Global Climate Models (GCMs) are the most
appropriate tool for addressing future climate change, reliable climate change information at finer
spatial scales than that of a typical GCM grid-cell ( 300 x 300 km) is usually required in order to
formulate adaptation policies in response to climate change impacts. Resultant of that, GCMs only
adequately simulate large scale atmospheric general circulations hence are not ideal for heterogeneous
regions. Where sub-GCM grid-scale variations in topography, coastlines, vegetation, and orientation
have a significant effect on the climate, they do not capture the detail required for national and sitespecific assessments. [Hudson and Jones, 2002].
For regions such as Zimbabwe elevated where land orientation and terrain is affect precipitation, these
GCMs fail at such coarse grid resolutions to capture useful information about weather extremesespecially the intensity of rainy events. Alongside statistical methods, Dynamical downscaling is one
of the solutions available to this problem as described in the next section.

3.1.2 Dynamical Regional Climate Model (RCM)
RCM, just like a GCM, has its own comprehensive internal model physics representing the important
components of the Climate system. It has a higher spatial resolution than a GCM and covers a limited
area of the globe, thereby allowing it to resolve smaller scale circulation process which influence sitespecific rainfall. The RCM is usually “nested” within a GCM, which provides lateral boundary data
that drive the RCM every time step, say 6 hour intervals from the GCM although the PRECIS RCM
model time step is much shorter than this up to an hour. This is referred to as one-way nesting, since
the RCM does not feed information back to the GCM. Nesting can also be two-way in instances where
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the RCM output interacts and feed/modify the GCM variable from its (RCM) integration either over
that region or throughout the globe. [Kalnay, 2003; Hudson and Jones, 2002].
3.2

PRECIS Driving Models

Whilst PRECIS (described fully in the next sections) is designed to be driven by any GCM (Wilson et
al., 2005), transient climate simulations (covering the past and future projections) in this study have
been driven by HadCM3Q0, HadCM3Q2, HadCM3Q9, HadCM3Q13 and HadCM3Q14 (collectively
herein referred to as HadCM3Q* or individually referred simply by the name of the GCM driving
PRECIS) as lateral boundary conditions whereas the recent past climate has been driven by Erainterim boundary data described later on. HadCM3Q0 is almost similar to HadCM3 with only
differences being that HadCM3Q0 uses flux adjustments to ensure that the SSTs remain close to
climatological values during a control period , at the same time allows SSTs to vary from natural
variability and from atmospheric forcings, such as increasing CO2; the second factor being that it
includes an atmospheric sulphur cycle. HadCM3Q2, HadCM3Q9, HadCM3Q13 and HadCM3Q14 are
part of the 16 GCM ensemble suite which is largely based on the standard HadCM3Q0 model, but
each model having a set of perturbations to its dynamical and physical formulation. The perturbations
are made within the known bounds of modelling uncertainty thus along with HadCM3Q0, these
models, provide an ensemble of GCMs which may be used to estimate the uncertainty in regional
climate model.

3.2.1 HadCM3
HadCM3, a Met Office Hadley Centre global climate model (Gordon et al., 2000; Pope et al., 2000) is
a general circulation model, coupling atmosphere and ocean modules. HadCM3’s skill has been
considerable at simulating the global climate. The model divides the atmosphere into a horizontal grid
2.5º x 3.75º (which translates to 300 to 400 km resolution from 45S to the equator) with 19 distinct
layers, and the ocean into a grid (1.25º x 1.25º) with 20 vertical layers as shown by Figure 3.1.

Figure 3.1: HadCM3 GCM showing the horizontal and vertical GCM resolution as well as the topmost ocean depth of the
model [Source: http://ukclimateprojections.defra.gov.uk]

Within HadCM3, sub grid scale processes are usually represented by simple relationships between the
large scales and these smaller scales. HadCM3’s ability to be run with a range of parameter values and
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still credibly reproduce an observed climate is remarkable especially considering that parameters in
these relationships are often not precisely known. Estimation of uncertainty in projections of the future
is usually assessed and achieved by running each of these plausible model versions beyond the present
day and examine the spread of the projections in an approach of taking a single model structure and
varying the model parameters within that structure referred to as the Perturbed physics ensemble
(PPE) [Defra, 2012]. This is the approach employed in this study

3.2.2 PRECIS Described:
As described in the PRECIS Handbook and Technical manual, (Jones et al 2004; Wilson et al., 2005),
PRECIS RCM is an atmospheric and land surface, limited area and high resolution model which can
be located over any part of the globe. The required prescribed surface and lateral boundary conditions
are provided as described earlier on. Surface boundary conditions are only required over water, where
the model needs time series of surface temperatures and ice extents. Lateral boundary conditions
which comprise the standard atmospheric variables of surface pressure, horizontal wind components
and measures of atmospheric temperature and humidity, provide dynamical atmospheric information
at the latitudinal and longitudinal edges of the model domain. PRECIS does not have prescribed
constraint at the upper boundary of the model.
In certain PRECIS RCM configurations which the contain a full representation of the sulphur cycle, a
set of boundary conditions (including sulphur dioxide, sulphate aerosols and associated chemical
species) are also required for this. The driving model-supplied lateral boundary conditions will be in 6
hour time steps whilst surface boundary will be in daily temporal resolution. The model is described in
three main sections: the dynamics, the sulphur cycle and the physical parameterizations with dynamics
dealing with the advection of the meteorological state variables (i.e. those required for lateral
boundary conditions), which are consistently modified by the physical parameterizations: clouds,
precipitation, radiation, boundary layer, surface exchanges and gravity wave drag whereas sulphur
cycle is also a physical parameterization, with the only peculiarity being that the concentrations of
chemical species are treated as prognostic and hence advected as tracers.
3.2.2.1 Atmospheric Dynamics
The atmospheric component of the PRECIS model is a hydrostatic version of the full primitive
equations, i.e. the atmosphere is assumed to be in a state of hydrostatic equilibrium and hence vertical
motions are diagnosed separately from the equations of state. It has a complete representation of the
Coriolis force and employs a regular latitude-longitude grid in the horizontal and a hybrid vertical
coordinate. The model equations are solved in spherical polar coordinates and the latitude-longitude
grid is rotated so that the equator lies inside the region of interest in order to obtain quasi uniform grid
box area throughout the region. (Wilson et al., 2005)
The prognostic variables in the dynamical, layer cloud and boundary layer schemes are surface
pressure, zonal and meridional wind components (u and v), and potential temperature adjusted to allow
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for the latent heat of cloud water and ice, and water vapour plus liquid and frozen cloud water. In
addition, there are five chemical species which are used to simulate the spatial distribution of sulphate
aerosols. An Arakawa B grid is used for horizontal discretization to improve the accuracy of the splitexplicit finite difference scheme. In this horizontal layout, the momentum variables (u and v) are offset
by half a grid box in both directions from the thermodynamic. The aerosol variables also lie on the
thermodynamic grid.
The numerical form of the dynamical equations formally conserves mass, momentum, angular
momentum and total water, in the absence of source and sinks terms. Physical parameterizations,
which includes large scale clouds and precipitation segment, convective scheme, radiation, Boundary
Layer, Surface Exchange and the Land-Surface a well as gravity wave drag parameterisation and
numerical diffusion are represented by three dimensional source and sink vector functions of the
prognostic variables. Horizontal diffusion is applied everywhere to the wind, and fields in order to
represent unresolved sub-grid scale processes and to control the accumulation of noise and energy at
the grid scale. Fourth order diffusion is used throughout, except on the top level for the winds and,
where second order diffusion is applied. (Wilson et al., 2005)
3.2.2.2 Resolution
PRECIS RCM is able to run at two different horizontal resolutions: 0.44 ×0.44 and 0.22 × 0.22 ,
giving grid boxes of approximately 50km×50km and 25km×25km at the equator of the rotated grid,
respectively. There are 19 vertical levels, the lowest at ~50m and the highest at 0.5 hPa with terrainfollowing coordinates (pressure/surface pressure) used for the bottom four levels, and purely pressure
coordinates for the top three levels and a combination in between. Due to its fine resolution, the model
requires a time-step of 5 minutes to maintain numerical stability.
3.2.2.3 Sulphur Cycle
The five prognostic variables required by PRECIS model to simulate the distribution of sulphate
aerosol are mass mixing ratios of gaseous sulphur dioxide (SO2), dimethyl sulphide (DMS) and three
modes of sulphate aerosol (SO4). PRECIS simulates the transport of each of the five variables via
horizontal and vertical advection, convection and turbulent mixing.
3.2.2.4 Boundary Conditions:
Boundary data is available from single 1950-2099 integration of the

HadCM3Q* GCMs which are

versions of the Hadley Centre’s third generation coupled ocean-atmosphere general circulation model
(HadCM3) described earlier on. For lateral boundary, PRECIS is driven using the relaxation method
which entails application of a Newtonian term which drives the model solution toward the large-scale
driving fields over a lateral buffer zone with the forcing term multiplied by a weighting factor.
Just like most RCMs developed to date, PRECIS which include representations of the atmosphere and
the land surface only need some supplying of surface boundary conditions over the oceans which
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consist of such issues as sea-surface temperatures (SSTs) and in some cases the boundary condition of
temperature of the bottom soil layer. The sea-surface boundary conditions are taken directly from the
respective GCMs’ ocean component i.e. HadCM3Q*. Taking this information directly from a coupled
GCM whose resolution is coarse imply that there could be quite large regional errors in the data, and
for coastal points and inland seas they may have to be interpolated or extrapolated which could lead to
even larger errors locally observed values (at higher resolution) for the GCM and RCM simulations of
present-day climate are usually used as an alternative with future values being obtain by adding on
changes in the SSTs and sea-ice extent and thickness from a coupled GCM.
The model uses an idealised 360-day calendar (which assumes every month to be consisting of 30
days). The aerosol models in these driving GCMs and the PRECIS regional models are wholly
compatible, so when using LBCs from this model, emissions from within the RCM region are
included as source terms, and aerosols may be advected into the domain via the lateral boundary
conditions. (Jones et al., 2004; Wilson et al., 2005)
3.2.2.5 Scenario Story-line
In this study PRECIS uses the A1B SRES storyline where a balanced alternative directions of
technological change in the energy system across all sources (A1B) (where balanced is defined as not
relying too heavily on one particular energy source, on the assumption that similar improvement rates
apply to all energy supply and end use technologies) is chosen for this experiment three possible
groups under this family.
3.3

PRECIS Validation

In order to ascertain the credibility of a model and its ability to give credible future projections
models are evaluated on how well they represent the recent past and present climate before embarking
on using it for future climate scenario.

3.3.1 Domain selection
In-order to investigate the atmospheric circulations (such as moisture advection) and SST anomalies in
the Indian Ocean, the domain size had to include these features and hence cover the southern Africa
and part of the Indian Ocean (0 to 45 S in latitude and 0 to 60 E in longitude). This has been carefully
chosen in order to capture the BMI whose influence in precipitation has been described in earlier
chapters. A 50km by 50 km (0.44 by 0.44 ) model run output data was availed for analysis in this
research. This captures the complex spatial and temporal climate variability over the south-eastern
Africa and also captures the circulation patterns. Such a resolution is useful in the regions where
station network is in the order of 100s of kilometres against very variable and complex weather
systems, climatological zones which are influenced by the topography, aspect and other mechanisms
mentioned in the earlier chapters.
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3.3.2 ERA Interim
For validation of PRECIS the Era-Interim (described earlier) driven PRECIS model output was used.
It allows past-climate and Inter-annual variability to be compared with (1989-2008)observations as
well as seeing how well the GCM driven output spanning from 1950 to 2099 (transient climate
including the past-climate and control period) performs. It is an ECMWF produced

'interim'

reanalysis of the period 1989- 2008 present in preparation for the next-generation extended reanalysis
to replace ERA-40. It consists of a set of global analyses describing the state of the atmosphere and
land and ocean-wave conditions for that period although it was recently extended by a decade, to the
year 1979, and it continues to be updated ‘forward in time’. The dataset consist of daily products, tenday forecasts (available twice daily) as well as monthly means. The ERA-Interim re-analysis dataset is
more extensive than that for ERA-40 as confirmed by the increase in number of pressure levels from
ERA-40's 23 to 37 levels as well as having additional cloud parameters, finer spatial resolution of 1.5°
in addition to many other products that were not available for ERA-40. [ECMWF, 2012]

3.3.3 Observed gauge Rainfall station data
Rainfall data derived from daily datasets mm) for the years 1989 to 2008 was obtained from the
Meteorological Services Department of Zimbabwe for 4 stations each representing 4 of the 5 Natural
Regions in Zimbabwe. The Data quality was reasonably good with a month being taken as 'missing' if
more than 10% of the days had missing data.

3.3.4 Experimental design
For model validation, PRECIS Era-Interim driven model data and 5 HadCM3Q* GCMs driven
PRECIS output was extracted on or around Grid-boxes /corresponding to the 4 stations

and

compared with observations for the baseline/ recent past period (1989-2008).Comparisons took the
form of Seasonality tests to see if the RCM gets the rainfall annual cycle. Correlation of model and
observed monthly rainfalls with SSTs, Regression analyses, Mean and monthly Bias, Mean correlation
and seasonal time-series were produced as shown on Fig3.2-3.9 and well as Tables 3.1, 2 respectively
in a bid to fully explore the model performance. It is however crucial to note that this is just additional
verification as the PRECIS model credibility tests for southern African domain has been confirmed by
Hudson and Jones [2002] as confirmed in Tadross [2005].
For the seasonality tests, the 1989-2008 monthly rainfall values were therefore averaged for all the
months with observations to give the average January to December annual rainfall values in mm to
form the mean recent climate. Results of these are shown in Fig 3.2-3.5. Whilst the observations were
compared with both PRECIS Era-Interim derived and transient project model output for, Inter-annual
variability assessments (by calculating and plotting the observed and Era-interim driven PRECIS
rainfall SPI ) as shown in Fig 3.9 and correlations with SSTs as shown on results plotted in Fig 3.7,
such comparisons were not done for HadCM3Q* PRECIS driven output. This is because these are
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bound to be quite variable since the (HadCM3Q*) SSTs used are based on a free-running coupled
model rather than observed SSTs.

Since all PRECIS models are expected to pick the rainfall

seasonality, all mean monthly rainfall simulations of the past climate were regressed against 21 year
observed average rainfall to give the plots given in Fig 3.2-3.5.
Using similar methods to Black (2009)’s analysis of Rainfall in Jordan and Israel, Monthly model
rainfall mean Bias relative to the average annual cycle for each month of the whole year for each of
the 4 stations was calculated according to the formulae: BIAS = M – O where M is the PRECIS
modelled data, O is the gauge observed rainfall data).as shown in Fig 3.6.
Mean correlations between monthly model rainfall and observed data for the recent past climate were
also calculated as shown in Fig3.6 and Table 3.1 Mean bias and mean correlation for all the calendar
months were calculated as a single value for each model output as tabulated in Table 3.1/2
3.4

PRECIS Model Validation Results and Analysis

3.4.1 Mean Monthly Seasonal Cycle Bias and Correlations for the 1989-2008
Observed against PRECIS model rainfall simulation for the Gweru (GW),
Beitbridge (BB), Chipinge (CP) and Masvingo (MV)
Mean Bias GW Mean Bias-BB Mean Bias-CP Mean Bias-MV
Obs
0
0
0
0
ERA-Interim
15.94
16.88
18.81
25.74
PRECIS-HadCM3Q0
-13.67
6.65
13.84
6.67
HadCM3Q2
-12.86
6.93
1.51
0.00
HadCM3Q9
-11.58
6.26
0.65
5.23
HadCM3Q13
-11.90
6.93
3.46
3.60
HadCM3Q14
-11.62
6.27
-10.61
1.27
HADCM3Q? Mean
-7.61
8.32
4.61
7.08

Correl-GW
Obs
ERA-Interim
PRECIS-HadCM3Q0
HadCM3Q2
HadCM3Q9
HadCM3Q13
HadCM3Q14
HADCM3Q? Mean

Correl-BB

1
0.99
0.96
0.95
0.96
0.99
0.96
0.97

1
0.70
0.94
0.93
0.91
0.93
0.87
0.88

Correl-CP

Correl-MV
1
0.95
0.93
0.93
0.95
0.89
0.88
0.92

1
0.99
0.95
0.89
0.99
0.97
0.97
0.96

Table 3.1a) Mean Annual Rainfall Bias (mm); b) Mean Annual Correlations for PRECIS
simulated annual rainfall cycle against observed monthly rainfalls for the recent past period
1989-2008.
From Table 3.1, it can be observed that all the HadCM3Q* driven PRECIS simulations are closer to
the observations that Era interim and the high Mean monthly correlation (

between observations

and model output as a relatively small mean monthly Bias (15mm for HadCM3Q* and <20mm pm for
Era-Interim) is notable. Comparable magnitude (but different signs due to differences in
regions/domain) of the rainfall has also been noted by Black (2009) in her study using the same model
for Jordan and Israel. The reason for this over-estimation in rainfall and why PRECIS gives some
precipitation almost every single day in southern Africa may be that as there is always some moisture
in the atmosphere which the model internal physics converts into some precipitation. HadCM3Q9’s
has the best statistical performance overally in terms of the least bias and highest correlations with
many stations. It basically implies that its projection can be relied upon more at least on these stations
where it is faring well.
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3.4.2 Comparison of PRECIS Model simulated and observed station rainfalls
seasonal cycles
Fig 3.2-3.5 shows 1989-2008 averaged monthly rainfall comparisons between the Era-interim driven
PRECIS model output, the HadCM3Q* GCMs driven PRECIS model output and station gauge rainfall
observations for Zimbabwe’s 4 selected stations plotted to assess the model’s capability to show the
annual cycle. This is supplemented by the Fig3.6 which gives the monthly bias (BIAS) for the average
annual cycle.
Beitbridge

Figure 3.2: Beitbridge average monthly observed and PRECIS model simulated rainfall for the period 1989-2008

Fig 3.2 which shows the Beitbridge average rainfall annual cycle for the period 1989-2008 is generally
depicting PRECIS models representing the annual rainfall cycle well despite the general systematic
over-estimation especially during the last half of the austral summer season (JFM). HadCM3Q*
ensembles generally capture the seasonality perfectly well as compared to Era-Interim driven output.
All the PRECIS projections are however challenged with regard to representing the intensity of the
mid-season dry spell which occurs from December to January as all of them over-estimate (by almost
50% as some model simulated 100mm as compared to observed 60 mm) during that period. EraInterim driven model output is also consistently lagging the observed rainfall by a month despite its
ability to peak the general pattern leading to the onset and late cessation of the austral summer as
shown in the Fig 3.2 above. Other than putting the peak rainfall in February as opposed to January the
model generally picks the rainfall pattern although it over-estimates rainfall especially during the main
austral summer season and under-estimate during austral winter (JJA) into the early months of the
summer season (October to November). One of the reasons why PRECIS is over-estimating rainfall on
this station especially in winter is thought to be due to its conversion of low-level stratiform cloud into
precipitable water on this southern-most part of Zimbabwe where cloud fraction is usually high as they
is always some incursions of low-level moisture as the quasi-stationary Indian Ocean steers south35

easterlies into the country. Bias figure (3.6a) for Beitbridge gives a better view of the over-estimation
and model performance on this station.

Gweru

Figure 3.3: Gweru average monthly observed and PRECIS model simulated rainfall for the period 1989-2008

Fig 3.3 is showing average monthly observed and PRECIS model simulated rainfall for the period
1989-2008 as well as the 2-member moving-average to give the annual cycle pattern comparisons. It
shows the models picking the annual cycle including the peak so well for this station although the
Era-interim driven model over-estimates rainfall significantly during the first half of the main austral
summer season (OND). PRECIS HadCM3Q* driven model output is highly comparable to
observations during the first half of the season (OND) but under-estimate rainfall during the second
half (JFM) as shown by the BIAS.
Chipinge

Figure 3.4: Chipinge average monthly observed and PRECIS model simulated rainfall for the period 1989-2008

Fig 3.4 shows PRECIS model generally picks the rainfall pattern although it over-estimates rainfall
especially during the early part of the high rainfall austral summer months with under-estimation
during the last half especially in March and austral winter period (JJA).
Discussion: Bias and a closer look at the seasonality plot above suggest that the model onset dates are
earlier than observations with 4 of the 5 HadCM3Q* ensemble members as well as ERA-Interim
putting the peak rainfall in January whereas observations say February. HadCM3Q14 actually puts the
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peak rainfall much earlier i.e. December and gradually decrease it thereafter suggesting cessation a lot
earlier than observations or other HadCM3Q* members. In terms of onset and cessation, all the other
models do seem to be putting the onset and cessation a bit earlier which is a systematic temporal error.
This explains the smooth sinusoidal (Fig 3.6a) Bias which is positive during the first half of the year
and flips to negative during the second half for almost all models.
This situation adds to earlier calls for care when it comes to interpreting the model rainfall projections
as there is a danger of interpreting a seasonal temporal shift as decrease or increase in rainfall whereas
they may be a need for re-defining the rainfall seasons’ onset and cessations. (Tadross, et al., 2005)
Masvingo

Figure 3.5: Masvingo average monthly observed and PRECIS model simulated rainfall for the period 1989-2008

In Masvingo (Fig 3.5), PRECIS models generally pick the rainfall pattern although they are
consistently over-estimating rainfall especially during the peak of the high rainfall austral summer
months. Whilst HadCM3Q0, HadCM3Q 9, HadCM3Q14 and ERA Interim are over-estimating
rainfall, unlike HadCM3Q13, the three models are also putting the peak rainfall in the correct month
(December), which confirms the credibility of this model for simulating the climate and change over
this region. HadCM3Q13 is quite close to the observation although it puts the peak in January. Its
magnitude is however so close to the observations just like HadCM3Q0. Whilst ERA interim managed
to get the onset very well, it is delaying the cessation or significantly over-estimating especially the
peak and last half of the rainfall season. Bias Figure 3.6d confirms these assertions.
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3.4.3 Bias

Figure 3.6 : Assessment of PRECIS HadCM3Q* and Era-Interim driven Model rainfall simulations Bias in comparison to
observed 1989-2008mean rainfall at 4 of Zimbabwe’s station network namely a)Beitbridge, b) Chipinge, c)Gweru and
d)Masvingo

A general analysis of model bias (Fig 3.6) confirms PRECIS’s rainfall over-estimation especially
during the high rainfall early austral summer months (OND) with under-estimation in the last half of
the summer months especially March.

3.4.4 Era-Interim driven PRECIS model-Observation Inter-annual rainfall
Comparison
Although climate models are generally not very good in depicting inter-annual variability (because of
the high S/N ratio ), in instances where the climate models are expected to pick this variability at least
in the recent past climate if they are forced by observed or quasi-observed SSTs as in this PRECIS
output. Fig 3.7a (overleaf) shows the Zimbabwean Inter-annual Era-interim driven PRECIS model vs.
observation comparisons whereas Fig 3.7b to e shows the 1989-2008 Zimbabwe averaged model and
observed rainfall derived Standard Precipitation Index (SPI). All the figures are picking some of the
known rainfall variability during the 1989-2008 rainfall, which is also reflected in the observations.
Notable cases are the 1992 drought and the 2000 heavy rains which went down the records and are
also being picked by the models. Thus the model performs well hence further validating the model’s
credibility and ability to produce climate prediction as well as giving an idea on the inter-annual
variability. Whilst most observed climatic extremes for the 20 year baseline period (1989-2008) were
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being produced fairly well by the model with the few inconsistencies being mainly in the very early
21st century possibly due to unreliability of Zimbabwean station observations (for that period).

Figure 3.7: Observation and Era-Interim Inter-annual SPI rainfall time series comparisons (as well as correlations) for
Zimbabwe national average (0.514253) as well as Beitbridge (0.254482), Chipinge (0.218953), Gweru (0.376186) and
Masvingo (0.418004)
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3.4.5 Observation-PRECIS Regression as part of the Model Validation

Figure 3.8: Observational –PRECIS HadCM3Q*and Era-Interim driven models monthly rainfall correlations for the period
1989-2008. Note the high correlation coefficients of more than 0.90 in almost all the stations, ensembles and trends. From
Top to bottom: Masvingo, Gweru, Beitbridge and Chipinge

Discussion:
In general, the model ensemble is able to represent the seasonality of the rainfall and hence the current
climate. Statistically, there is a strong correlation as attested by mostly over 90% correlation between
the observations and the various HadCM3Q PRECIS downscaled ensembles. Tables 3.1 show the
correlations. It is crucial to mention that the PRECIS future model (HadCM3Q) ensembles output has
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a stronger correlation than the Era-Interim driven climate when compared to observation giving
confidence in PRECIS’s future rainfall projections. This also adds to the credibility checks done by
Jones and Hudson. [2002]

3.4.6 Model and observed rainfalls correlations with SSTAs in Indian and Pacific
Oceans
3.4.6.1 PRECIS ERA –Interim driven Model output

Figure 3.9: 1989-2008 PRECIS Era-Interim driven model summer rainfall correlation with SST for Zimbabwe’s Beitbridge
and Chipinge statins in top row as well as Gweru and Masvingo stations in the bottom row.

3.4.6.1.1 Brandon-Marion Index
Fig 3.9 is showing that all the PRECIS Era-Interim driven Model output with the exception of Gweru
and to some extent, Rusape and Masvingo are generally showing a southward-shifted pattern of
correlations in the Indian Ocean (relative to Observed Rainfall SST correlations) thereby resulting in
the usually negative correlations in the northern SWIO (central Indian Ocean) being displaced further
south and the equatorial Indian Ocean being replaced by a positive correlation. This suggestion that
warm Tropical Indian Ocean waters will result in higher rainfall is inconsistent with the precipitation
modes and mechanism in the Southern Africa hence the model does not properly represent the
mechanisms properly in this regard. It is however crucial to mention that the model does pick the
Brandon-Marion Index as there is that than North-South contrast in SSTAs in the Indian although it is
displaced a bit further South as compared to the correlations with observations (in section 2 and in the
next figures as well as in contrast to the model simulations/experiment findings such as by
Washington and Preston and (2004, 2006) as well as Rocha and Simmonds (1994). Based on the
evaluation of the seasonal cycle as well as the inter-annual correlations, it will be more reasonable to
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trust the model simulations for Gweru most, followed by Rusape, Masvingo and the rest of the
country.
3.4.6.1.2 Poor Representation of El Nino
By looking at the equatorial Pacific region’s simulated SST - rainfall correlations in composites
plotted in Fig 3.9, the model is struggling to represent the El Nino effect on Zimbabwean precipitation
as it suggest an increasing rainfall trend during El Nino as well as drier conditions during La-Nina
which is in contrast to earlier studies and the known physical mechanisms.
PRECIS’ inability to show the traditional negative correlation between rainfall and SSTs in the Nino
3.4 Pacific Ocean region but at the same time always showing the distinct North-South contrasting
rainfall-SST correlation and having some skill in the representing the seasonal cycle and inter-annual
variability in the Indian Ocean may be another clear indication of the importance and deterministic
nature of Indian Ocean SSTAs ahead of Pacific Ocean SSTAs as suggested by Mukwada and Manatsa
(2012).
By studying the events surrounding one of the strongest recorded ENSO event of the century (Webster
et al 1999) and the concurrent strongest warming in Indian Ocean i.e. 1997/8 (austral spring-summer),
Goddard and Graham (1999) found that “whilst the SST variability of the tropical Pacific exerts
some influence over Southern Africa, it is the atmospheric response to Indian Ocean variability that is
essential for simulating the correct rainfall response of eastern, central and southern Africa’’. The
study acknowledges that in addition to their statistical relation with rainfall in southern Africa, the two
Oceans’ variability is also related- a fact attested by many recent studies. (Misra, 2003; Annalani,
2003, Saji et al, 1999; Webster et al 1999). Whilst the dynamical relations between Indian and Pacific
Oceans remain an area of active research (Misra and Annalani 2003), GCM and other numerical
experiments led to the suggestion that the competing influence of these oceans on Africa/Indian Ocean
is mainly through their modification/influence on the Walker circulation and consequential effect on
low-level moisture fluxes of over central and southern Africa.
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3.4.6.2 Observations

Figure 3.10: 1989-2008 observed summer rainfall correlation with SSTs for Zimbabwe’s national average and Beitbridge
(top row), Chipinge and Gweru (middle row) with the bottom row being Masvingo stations and Zimbabwe’s national
average for the period 1959-1988.

All observations are consistent with earlier findings and other model experiment results as far as
representing the Zimbabwean and Southern African Rainfall mechanisms are concerned.
3.5

Chapter general Discussion

It is crucial to note that PRECIS performs much better on a country-wide scale than at regional or
point (grid box) scale. This is consistent with findings on S/N ratio being low for point precipitation
(i.e. correlation with SSTs are low).Based on the information above, the climate projections can be
trusted for countryside scale analyses more than at a point. Rainfall seasonality plots (Fig3.2-3.5) and
the Bias Fig 3.6 show that the model is generally representing the seasonal pattern fairly well although
there is a forward shift in austral summer onset of rains from the data and other station network
observations. Chipinge ( and to some extend Gweru) has an interesting oscillation/ sinusoidal wave-
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like form of BIAs with the bias ‘wave’ rising progressively reaching its peak during December and
decreases gradually crossing from positive to negative values during the last half of the rainfall season,
showing a time-shift. A general look at some of the seasonality pattern plots such as Fig3.4(for
Chipinge) look like the observations plot has just been displaced backwards by a month when showing
the weakness in terms of the models’ temporal projections(onset and cessation). PRECIS RCM model
is therefore very suitable for this purpose as it has some skill in representing the inter-annual
variability and seasonal cycles for all regions.

44

Chapter 4
4.1

FUTURE RAINFALL PROJECTIONS FROM PRECIS (RCM)

Introduction

This chapter describes how the climate projections were derived as well as describing and discussing
the rainfall projections for southern Africa and particularly Zimbabwe. It also describes the projected
rainfall signal (which is simply defined as the difference between the simulated current and future
climates under current and future forcings), as well as the rainfall temporal and spatial distribution.
The section also highlights the critical features such sea surface and anomalous atmospheric
circulation patterns underlying the projected rainfall changes. This enables commenting on the
plausibility of the projected change based on their physical and dynamical causes. (Engelbert et al,
2009). In conclusion, the section compares the projected rainfall with other projections (some
mentioned in the introductory chapter (1).

4.1.1 Domain
1.

Southern Africa and Indian Ocean: 0 to 60

2.

Zimbabwe: 25 to 33 E longitude and 15 to 23 S latitude

4.2

longitude and 0 to 45 S in latitude.

Experimental Design/Methodology

The PRECIS monthly mean model output datasets (rainfall, surface temperatures as well as zonal and
meridional 10m/surface wind components) were repackaged into past baseline control period (19611990) and future climate time-slices 2010-2039, 2040-2069 and 2070-2099 herein referred to as the
2020s, 2050s and 2080s respectively, in line with WMO and IPCC timescales and future time slices.
From the monthly means, anomalies were calculated for the future time-slices parameters relative to
the 1961-1990 for each ensemble run. This minimizes systematic errors (bias) as future projections
and past simulations are assumed to be having the same bias which will eventually cancel out when
subtracted from each other to give the projected climate change. Engelbert et al, (2008).
All the data-sets’ time-slices were further classified into OND, JFM, AMJ and ONDJFM by averaging
the mean monthly values for each season in line with the IPCC timeframes. This also reflects the
regional rainfall seasons which runs mainly from October although occasionally split into OND and
JFM as these two have different rain-bearing mechanisms separated by a mid-season dry-spell. The
rationale behind looking at the AMJ emanates from the recent observational analyses which suggest
shift in season as there is an increase in rainfall in April getting into May in parts of the region like
Zimbabwe (MSD, Rainfall Section -2011). The increases precipitation from the last half of the austral
summer and into early winter season is thought to be due to the forward-shift in the onset and
cessation of rains which defines the rainfall season. Whilst splitting the seasons into OND and JFM
allows the different rain-producing mechanisms and effects on change to be investigated, another
classification summing up the whole summer season ONDJFM (October to March) gives a clearer
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picture of the magnitude and possible impact of change in the seasonal rainfall especially to such
sectors as rain-fed agriculture, Climate Risk management, power generation, hydrology and simple
water resource management.
Precipitation was then converted from the precipitation rate SI unit (Kg/m2/s) into seasonal averages
(mm) for OND, JFM, AMJ and ONDJFM respectively for easier comparison and analyses since these
are commonly used in the climate and seasonal climate in the region as shown below.

Absolute values rather than percentages were chosen for rainfall because the relatively small
precipitation amounts in winter (some below 1 mm per month) mean that minute changes in
precipitation leads to massive percentage changes.
Rainfall, SST and (vector)wind anomalies were then plotted for each of the 5 HadCM3Q* model
ensembles for 4 annual timeframes in each of the 3 future time-slices for the first domain (Southern
Africa and part of the Indian Ocean as shown in Fig 4.1 in the next section. For Zimbabwe, only
changes in precipitation were plotted as shown in the Appendix Fig 6.3. An average of all the 5
HadCM3Q* GCM driven models was also computed and its output plotted for precipitation in order to
show the average overall signal given by the 5 HadCM3Q* driven PRECIS models for each season of
the year in those 3 future time-slices. Rainfall results are plotted in Fig 4.1- 4.12 for southern Africa
and Fig 6.19-6.29 (In Appendix) for Zimbabwe. SST anomalies and wind anomalies are plotted in the
Appendix.
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4.3

Southern Africa and Indian Ocean Rainfall Projections

4.3.1 2010-2039
4.3.1.1 OND

Figure 4.1: Projected Rainfall change (mm) for Southern Africa and part of Indian Ocean for OND period 2010-2039 under
AIB scenario using PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2 and
HadCM3Q9 whereas for the bottom row is HadCM3Q13, HadCM3Q14 and an average of the 5 ensembles (bordered).

The precipitation PRECIS ensembles (See Fig 4.1) are generally showing some noisy projections in
southern African with likelihood of dryer 2020s in some regions and inconsistent signal in others. All
ensembles are showing drying in the eastern to central sub-region countries i.e. Madagascar, Tanzania,
North of Mozambique and Zimbabwe; Malawi, Zambia with only one ensemble (HadCM3Q0)
projecting some slight increase in precipitation for parts of Mozambique, Lesotho, South Africa into
southern-eastern Zimbabwe and Botswana and Namibia (

) for OND segment. All areas

around the tropics other than the areas around Lake Victoria, the model ensembles are projecting an
increase in rainfall with highest increases (of the magnitude of 100s) over the Tropical Indian Ocean
(NSWIO) region.
Discussion:
A closer look at the prevailing circulation patterns points to a more westerly low level wind anomalies
(See Fig 6.10 Winds) over the entire region in all ensemble members except (HadCM3Q0). Whilst the
entire Indian Ocean basin is projected to be warmer in all (available) HadCM3Q* driven PRECIS
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ensemble members (See Fig 6.1 SSTAs in Appendix), the NSWIO SSTA is projected to be much
higher (0.8 to 1.2

than the SWIO (which is 0.4 to 0.8

This explains the west to south

westerly wind anomalies which as it flow to the vortex in the NSWIO advects moisture away from the
sub region hence the dryness and thus authenticating earlier explained Indian Ocean North-South
SSTA (BMI) effect of the mechanism rainfall (Funk et al 2008, Washington an Preston 2004,2006;
Rocha and Simmonds 1997a, 1997). HadCM3Q0 driven ensemble, the only ensemble with substantial
higher rainfall projections (

) for most of southern Africa has an anticyclonic circulation

anomaly centred southwest of Madagascar in the Mozambique Channel. These circulation patterns Fig
6.10 shows the anticyclone whose northern part steers some low-level moisture into the sub-region
hence the higher rainfall anomaly. The clear cyclonic curvature in the eastern part of the NSWIO’s
HadCM3Q9 and Q13 is very consistent with very warm SSTAs (1.2
anomaly (

in that region, higher rainfall

) forming the basis for a stronger statement on the sign (and magnitude) of

projected decrease and need for mitigation and/ adaptation (IPCC AR4, 2007).
4.3.1.2 JFM

Figure 4.2: Same as in Figure 4.1 but for JFM

This segment is almost similar to OND with more consistency in drying the western and central
southern Africa for all ensembles as well as a small positive precipitation anomaly for the extreme
south-east coast of southern Africa. HadCM3Q0, 13 and 14 ensembles are also projecting the positive
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precipitation signal stretch further east along the coast reaching Swaziland, Mozambique and eastern
Zimbabwe in addition to South Africa and Lesotho. The same ensembles are also projecting a slightly
dryer Tropical Indian ocean region (NSWIO), much dryer anomaly over Madagascar
(

) with the region further east of Madagascar being very wet (

) relative

to the 1961 to 1990 rainfall. All models have some drying tendency in the Mozambique Channel and a
wet anomaly in the Tropical continental region (and Indian Ocean in the case of HadCM3Q2 and 9)
although not as intense as in the OND season. In general the signal is noisy.
Discussion:
Projected wind patterns (See Fig 6.11) Winds show a very strong Westerly anomaly over southern
Africa into the Indian Ocean through Madagascar with some convergence east of Madagascar in
HadCM3Q9 and HadCM3Q13. Although all models have this westerly anomaly, HadCM3Q0 has an
anticyclonic circulation over the Mozambique Channel and a cyclonic curvature on the East coast of
Madagascar, which may be explaining the projected dry and wet conditions in those respective places.
All in all, the ensembles seem to be suggesting that the drying which is to be experienced in the 2020s
which is consistent with the warmer SSTAs (See Fig 6.2 SSTAs) in the Tropical IO (NSWIO) whose
effect has been simulated by Goddard and Graham, 1999; Funk et al, 2008; Preston and Washington
2004,2006; Rocha and Simmonds, 1997) . This results in the eastward shift in the rising arm of the
African Walker Circulation cell into Indian Ocean (in this case North-East of Madagascar as they will
be a low pressure (convergence) as the SSTs warm significantly in that region as well as moisture
transport. This notion is upheld by the SSTAs (See Fig 6.2 SSTAs) which are showing much warming
in that region (North-East of Madagascar) than the Subtropical Indian Ocean (SSWIO). The drying in
southern parts of the region will in this case largely emanate from the complete reversal of the north
easterlies low-level winds to south westerlies thus advecting moisture away from the sub-region or
simply weakening of the north-easterly moist monsoonal winds which reduce moisture influx into
southern Africa. (Funk et al, 2008; Washington and Preston, 2004, 6, Rocha and Simmonds, 1997) All
this result in southern Africa receiving reduced precipitation in the near future.
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4.3.1.3 ONDJFM

Figure 4.3: Same as in Figure 4.2 but for ONDJFM

The 2020s austral summer is projected be dryer in southern Africa especially over the western parts as
there is unanimity between all the ensemble members (Figure 4.3) in the north-eastern and central
parts of the region. HadCM3Q0, 2 and 14 ensembles are however projecting some increase in rainfall
along the eastern coastal regions of the sub-region for areas extending into eastern Zimbabwe. All
ensembles are projecting a drying over most of Madagascar and the Mozambique Channel as well as
general increase in precipitation over the tropical continental regions and further east of Madagascar.
Areas around the Tropical Indian Ocean are also projected to receive higher rainfall.
Discussion:
It is interesting to note that ensembles with some negative rainfall anomaly right over the Tropical
Indian Ocean (e.g. HadCM3Q2 and to some extent HadCM3Q0) have also projected a stronger rainfall
increase in parts of southern Africa. This seemingly upholds the existence and continued influence of
the observed North-South Indian Ocean SSTA (BMI) influence on southern African rainfall which
suggest that a cooler NSWIO, reduces rainfall in the Tropical Indian Ocean and advect that moisture
into southern Africa (from the positive pressure anomalies/anticyclone over that region) resulting in
(stronger/enhanced) north Easterlies which increase moisture transport to and convergence (and high
rainfall) in southern Africa. It is also worth mentioning that the SSTA (Fig 6.3) also show that these
ensembles (with higher rainfall over south-eastern Africa) have the least warming in the Tropical
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Indian Ocean of all the ensembles. HadCM3Q0 projected winds (Fig 6.12) have favourable conditions
for increased south-east African rainfall as attested by the easterly wind anomalies and hence moisture
transport into the sub-region. All other ensembles’ low-level wind anomalies are projected to be
westerly leading to moisture transport away from the region hence the general reduced rainfall
projection. A crucial point stemming out of these projections’ variability (between ensembles
which is showing the uncertainty in the projections) is that each ensemble is projecting rainfall
as a response and according to the ensemble member’s projection of the SSTAs which then force
the winds and subsequently rainfall projection. This explains the need to ensure that the ensemble
represent and project these SSTA and systems well.
4.3.1.4 AMJ

Figure 4.4. Same as in Figure 4.3 but for AMJ

AMJ: Southern Africa is largely having a very weak and noisy signal. Over the Indian Ocean, the
subtropical region is having a weak wet signal whereas for the tropical is weak dry signal. There is a
small increase in precipitation over the extreme south-east coast of southern Africa. In general, the
rainfall change is however small.
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4.3.2 2040-2069
4.3.2.1 OND

Figure 4.4: Projected Rainfall change (mm) for Southern Africa and part of Indian Ocean for OND period of the 2040-2069
under AIB scenario using PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2,
HadCM3Q9 whereas for the bottom row is HadCM3Q13, HadCM3Q14 and an average of the 5 ensembles (Bordered)

Ensemble members in Fig 4.5 are all consistent with regard to the projecting significant increases in
the Tropical Indian Ocean (100-300mm) Indian Ocean precipitation. A decrease in precipitation over
the western to central parts of Southern Africa as well as the slight increase over the extreme southeastern coast of southern Africa into the Indian Ocean is also simulated. HadCM3Q0 however extends
the south-east coastal precipitation increase further east to cover parts of Zimbabwe, Mozambique,
Lesotho, Swaziland, South Africa and Zambia. All the members are also projecting a remarkable
(approx. 100 mm) decrease in precipitation in areas north of and around Madagascar.
Discussion:
The Indian SSTAs (Fig 6.4) are very consistent between ensembles, all having a warming Northern
(NSWIO) signal higher than in the subtropical Indian Ocean by up to 2.4

(in HadCM3Q14) which

is conducive for drying southern Africa. The Winds (Fig 6.13) which in this case are a good proxy for
moisture transport have a westerly component and also converge around the Tropical Indian Ocean in
all ensembles with the exception of HadCM3Q0 which has a distinct perturbation in the form of an
anticyclonic circulation centred over the Mozambique Channel. HadCM3Q0 is thus giving a more
easterly anomaly over south-eastern parts of the sub-region which advects low-level moisture into the
52

sub-region hence the higher rainfall projection for the distinctly different HadCM3Q0 driven model
projected output. The consistency in tropical Indian Ocean rainfall (

) is a clear

manifestation of the BMI scenario where NSWIO is warmer than usual and SSWIO cooler, thus
resulting in the simulated wind patterns and rainfall. The consistent drying in east Africa also suggest
a shift in the rising arm from the Africa into Indian ocean as highlighted in the literature earlier on.
OND simulations are suggesting that the 2050s rainfall physical mechanisms will just be similar to the
current ones (shown by the verification of physical mechanisms experiments in Chapter 2). This is
therefore implies a high likelihood of drying as the IO temperature increase especially in view of the
likely increase in NSWIO temperatures and these projections. (Funk et al, 2008; Matthews, 2004)
4.3.2.2 JFM

Figure 4.5: Same as in Figure 4.5 but for JFM

Simulated changes in Fig 4.6 are quite similar to those simulated for OND with a more consistent
drying in the west. The other major difference as being a strong rainfall increase far east of
Madagascar where SSTAs are also high and positive (see Fig 6.5) which is leading to convergence
over that area in response to the high SSTAs ultimately thus high rainfall anomaly over that region. A
closer look at the rainfall spatial distribution (between the ensembles) also suggest that the drying in
the western parts of southern Africa is not linked to the Indian Ocean SSTs as it is sustained
irregardless of the changes in the IO SSTA pattern (Fig 6.5). Shongwe et al (2009) suggest a possible
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explanation of the rainfall reduction in the western southern Africa as being due to the
westerlies from the Atlantic Ocean which are known to be cold and dry (due to the cold Atlantic
SST and hence less evaporation) as well as anomalous westerlies are indicative of the reduced
moisture advection from the Indian Ocean into the subcontinent, all leading to the reduced
precipitation signal.

4.3.2.3 ONDJFM

Figure 4.6 : Same as in Figure 4.6 but for ONDJFM

The changes are similar to those simulated for OND as the above two with the whole sub-region
drying serve for the east coastal regions (in HadCM3Q0) which are receiving moisture from the
easterly low-levels courtesy of the northern part of the anticyclone circulation in HadCM3Q0. As
suggested by Funk et al, 2008 and explained in the BMI sections, the drying effect of increased
NSWIO SSTA seem to be heavily influencing the projected rainfall pattern as those model with the
warmest SSTA in the NSWIO are having heavy rainfall there and low rainfall in south-eastern Africa
whereas the opposite is true as shown in HadCM3Q0. The positive precipitation changes far-east of
Madagascar is still dominant when October to March months is averaged in HadCM3Q0, 13 and 14
ensembles. It is also critical to note that the Tropical Indian Ocean is very anomalously rainy
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(receiving more than 320, 350 and 450mm in HadCM3Q2, 9 and 13 respectively) relative to the 1980s
rainfall. This is consistent with the very warm SSTs especially in the Tropical Indian Ocean (NSWIO)
as well as with other physical explanations surrounding the existence and influence of the BMI. The
Austral 2040-2069 summer season has the clearest (decreasing) rainfall signal of all time-slices
reviewed and the circulation patterns are supporting those projections very well hence they are
sound and can be used for impact studies and adaptation purposes. Another crucial point
coming out of these projections is the general divergent of HadCM3Q0 from other ensembles
which suggest that the perturbation they may have been made to these ensembles is having a
significant impact on their projections and their differences and physical structure will be
looked at in the future directions
4.3.2.4 AMJ

Figure 4.7 : Same as in Figure 4.7 but for AMJ

Fig 4.8 shows a very weak wetting signal over the extreme south-east coast of southern Africa and
the DRC whereas change towards less rainfall is simulated for areas ranging from Malawi up to the
great lakes region with the rest of the southern Africa not having any clear signal. There also seem to
be a North-South rainfall dipole over the continental Africa which is reversed in the western southern
Africa.
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4.3.3 2070-2099:
4.3.3.1 OND

Figure 4.8 : Projected Rainfall change (mm) for Southern Africa and part of Indian Ocean for OND period of the 2070-2099
under AIB scenario using PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2,
HadCM3Q9 whereas for the bottom row is HadCM3Q13, HadCM3Q14 and an average of the 5 ensembles

Fig 4.9 shows a clear decrease in precipitation in the western rim of the sub-region from Cape-town
right up to the Equator as well as north of Madagascar stretching to eastern Africa in all ensembles.
All ensembles are also projecting a slight increase in precipitation on the southeast-coast of Southern
Africa and over the equatorial Africa. HadCM3Q0, 2 and 14 are extending the projected increase in
rainfall signal from South Africa to the Equator i.e. through the whole South-eastern countries
overlooking the Indian and including Botswana, parts of Namibia, Lesotho, Swaziland, Mozambique,
Zimbabwe, Zambia, and DRC in an orientation which is reminiscent of the Tropical-Temperate Cloud
band over southern Africa (Mason et al, 1994; Rocha and Simmonds, 1997).
All model projections suggest that the east African countries and neighbouring countries such as
Mozambique through Malawi to Tanzania, Kenya and part of Uganda are heading for a reduced
rainfall in the 2080s. A spatial analysis suggest that these regions are part of the outer echelons of
heavy drying centred over the Central Tropical Indian Ocean through north of Madagascar into eastern
and southern Africa (according to HadCM3Q2, 9, 13 and 14). Ensembles such as 9 and 13 extend that
dry region right through southern Africa (from the Eastern coast in Mozambique and Tanzania/Kenya
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through Zambia, Zimbabwe, and Botswana Namibia to the consistently dry western parts of southern
Africa mentioned earlier on. From the rainfall figures (4.9) as well as corresponding wind vectors (Fig
6.16) for HadCM3Q9, 13 and 14, the reduced rainfall in Southern Africa is thought to be due to
moisture advection into the Central Tropical Indian Ocean in response to warming NSWIO, as these
ensembles have a clear increased rainfall tendency over the Tropical Indian Ocean probably due to the
very high SSTAs (Fig 6.7) which is more than 3.2

in the same region. HadCM3Q0, 2 and 14 wind

plots have an anticyclonic anomaly as winds re-curve back into southern Africa just off the southeastern coast of southern Africa. The northern flank of that gyre presumably advects moisture into the
sub region and hence the higher projected rainfall.
These projections are consistent with Engelbert et al, (2008), who (using the Conformal-Cubic
Atmospheric model for 2070-2100 A2 climate projections for southern Africa) projected an enhanced
westward moisture flux from the IO into Mozambique and further westward into central parts of
Southern Africa with positive rainfall anomalies signalled along the northern part of the region with
maximum pressure increase (Mozambique channel). The same study also noted the north-west to
south-east orientation of the band of positive rainfall over almost the same places as the simulations in
Fig 4.9, in a continental Tropical Trough Cloud Band manner.
4.3.3.2 JFM

Figure 4.9 : Same as in Figure 4.9 but for JFM
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Fig 4.10 is showing great uncertainty in the JFM 2080s rainfall as shown by generally inconsistent
projections for JFM. There is however ensemble agreement on the marked rainfall decrease in western
southern Africa which is extended to cover central southern Africa by HadCM3Q0 and 14, as well all
of southern Africa by HadCM3Q2. HadCM3Q9 has a completely different and almost opposite
projection as it projects increase in precipitation in almost all of southern Africa with the exception of
northern Mozambique, parts of Zimbabwe, Malawi and Tanzania which will be dryer. HadCM3Q0
and HadCM3Q2 have a reduced rainfall model output for Tropical Indian Ocean and a wetter-than
normal east of Madagascar whereas other ensembles are projecting otherwise for the Indian Ocean.
Unusually, the precipitation change signal seems to get less robust through time suggesting that
under very high forcings of CO2, rainfall change becomes more variable between ensemble
members as shown in Fig 4.10 depicting the uncertainty in the anticipated structure of the
Indian Ocean SST (which determines rainfall variability). The variations in the projections may
also reflect the uncertainties introduced by possibly the emission scenarios, concentrations, model
physics and other unknown issues such as feedback and climate responses to anthropogenic induced
radiative forcing later into the century as explained earlier on, in the case of SSTA in this study.
An average of all the models in this case gives the general positive rainfall over the east and the more
consistent drying in the west which is consistent with other studies as shown in Fig 4.11.

Figure 4.10: Panel (a) shows Engelbert et al(2008)’s Projected summer (DJF) the rainfall change (percentage) signal over the
subcontinent for the 2070-2100 under A2 SRES and (b) is the PRECIS average rainfall projection for the HadCM3Q* using
A1B scenario. Note the consistency in the sign of signal highlighted on Engelbert et al, 2008’s result and the PRECIS
projected result for almost similar period.

Engelbert et al (2008), simulated intensification of the Indian Ocean High and the continental trough
in the same period which would promote moisture convergence over southern Mozambique and
eastern southern Africa into Indian ocean translating into the positive rainfall anomaly seen in Figs
4.11. The positive rainfall signal over eastern part of the subregion (east of Zimbabwe, Malawi and
East of Zambia into southern Africa through northern Mozambique) is associated with the enhanced
westward moisture flux over IO. Note the general agreement (highlighted) in the spatial distribution of
the projected change in these two closest simulations.
58

4.3.3.3 ONDJFM

Figure 4.11 : Same as in Figure 4.10 but for ONDJFM

ONJFM rainfall projection (shown in Fig 4.12) is largely similar to the previous segments (OND and
JFM) especially in terms of general uncertainty shown by the inconsistent projections. The west is
becoming dryer in the 2080s as shown by all ensembles. There is a weak signal along the eastward
borderline. Central southern Africa is likely to be wet to neutral as 4 of the 5 model members (other
than HadCM3Q2. The region from North of Mozambique and Tanzania moving into Malawi, North
East of Zimbabwe and Zambia is (less) likely to be dry. The Tropical Indian Ocean is projected to be
wetter in all ensembles except HadCM3Q2. SSTAs and winds are not showing any much change from
their more warmer over Tropical Indian Ocean region (NSWIO) and generally westerly anomaly
throughout. There is however a wide spread in the magnitude of warming some ensembles such as
HadMC3Q14 projecting much higher SSTs (Fig 6.9) of up to 1.2

higher than their counterparts

(HadCM3Q9) in the same regions like the subtropical Indian Ocean waters.
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4.3.3.4

AMJ

Figure 4.12 : Same as in Figure 4.11 but for AMJ

AMJ: A very weak wet signal in the extreme east coast of southern Africa with the rest of the region
being generally weak tending to be dry in places.

4.4

Zimbabwe Rainfall Projections (See Appendix for the plots1)

Within Zimbabwe, PRECIS is generally showing noisy rainfall projections.

4.4.1 2010-2039:
4.4.1.1 OND:
From Fig 6.19, there is a general variability in the projected rainfall change over a small
regions.HadCM3Q0, HadCM3Q2 are projecting a neutral OND tending to be slightly wetter from the
west to central Zimbabwe. HadCM3Q9 on the other hand is projecting a completely and relatively
strong drying signal (

. HadCM3Q13 and HadCM3Q14 are also dry though they have some

patches of wet especially along the central watershed. Averaged together rainfall is bound to reduce
throughout Zimbabwe whereas individual plots suggest, there is a 40 to 60% chance of severe drying.

60

4.4.1.2 JFM:
All members (Fig 6.20) are in agreement when it comes to rainfall reduction in the western parts of
Zimbabwe during JFM of the 2020s. HadCM3Q0. HadCM3Q9 and HadCM3Q14 are projecting a
significantly wet anomaly of up to 120mm in three months above the 1961-1990 climate especially
over the eastern parts of Zimbabwe extending to the central watershed. What is however surprising is
the fact that the other two members are projecting the highest drying >150mm over the same places
hence making exactly opposite projections. Averaged together, the whole domain is having reduced
rainfall
4.4.1.3 ONDJFM:
Fig 6.21 is showing that there is overall drying throughout the country which may be in excess of
40mm in the north-eastern part of Zimbabwe. This is consistent with the regional projections.
4.4.1.4

AMJ: There isn’t any significant signal from the AMJ period (Fig.6.22)

Taking a cue from the regional projections (Fig 4.13 - 4), Zimbabwe is highly likely to be drying
significantly with a small chance of an increase in precipitation over the extreme south-east of
Zimbabwe.

4.4.2 2040-2069.
4.4.2.1 OND:
With the exception of HadCM3Q0 (Fig 6.23) which is projecting a slight increase in rainfall over the
south-eastern provinces, all other ensemble members are projecting drying of the range 40-80 mm.
4.4.2.2 JFM:
Fig 6.24 is showing an unclear signal in Zimbabwe. HadCM3Q0 is projecting a significant (
increase in rainfall over south-eastern parts of the country gradually decreasing towards the north and
central parts of the country. HadCM3Q13 seem to be picking the south-eastern wetting but at a smaller
scale and just like HadCM3Q0 with a drier west. HadCM3Q9 is again projecting opposite of the two
earlier models. The remaining two models are projecting a drying for that period. Overally, the whole
country is drying. Considering the general higher skill in HadCM3Q9 during validation, it will be
crucial to also seriously consider the plausibility of the projection despite its being somewhat different.
4.4.2.3 ONDJFM
Looking at the broader seasonal scale in Fig 6.25, precipitation is expected to decrease by values
which are in excess of 120mm in 4 of the 5 ensemble members throughout the country. Only
HadCM3Q0 projects a small

increase in rainfall around the south-east parts of the country.
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Thus the future looks very bleak when it comes to precipitation in Zimbabwe. Circulation patterns,
Regional projections and projected Indian SSTAs uphold the drying conditions during this period.
4.4.2.4 AMJ: Rainfall signal is weak and insignificant (Fig 6.26).

4.4.3 2080s:
Figs 6.26-6.29 are showing the noisiest projections with an inclination towards slightly higher rainfalls
to the south-east parts of the country (

decreasing further north. The western parts may get

some increase as well but it will not be anything very significant. (

. The regional

projections and circulation patterns are also unclear about Zimbabwe’s projections during this time
and this is thought to be due to the SST becoming rather chaotic in the Indian Ocean under very high
increase in GHG. Thus the robustness of the projections during this time-slice is at its lowest.
4.5

Comparison of the Change with Other Studies

The summarised result where precipitation is bound to decrease over south-western parts of southern
Africa but increase on the southern-eastern Africa and around the Tropical Indian Ocean later into the
21st century is consistent with other authors’ findings. Fig 4.14 gives one such comparison which
shows rainfall generally decreasing over the southern African (subtropical) region [0 to 35E and with a
slight increase on the extreme east coast of the domain between 2080 and 2100. The Fig also explains
the correlation between the Indian Ocean SSTAs (BMI) and rainfall seen in observations and seen
here for longer timescale variability as the decrease in African rainfall corresponds to the Increase in
Tropical Indian Ocean rainfall suggesting a shift in the rising arm of the Walker circulation usually
over south-eastern Africa to Indian Ocean. Results also correspond to Hulme 2001 (in Tadross et all
(2005) (Chapter 1 Section 1.6.2), Funk et al 2008, Arnell et al, 2003, Shongwe et al, 2009 and
Engelbrecht

et

al

2008

as

described

earlier

on

in

this

chapter.

Figure 4.14 : A time (1950–2100) versus longitude plot of CMIP3 ensemble means averaged between 15 N/S. At each 5
longitude grid box 150 year precipitation being translated into Z-scores ( Standard Precipitation Index) where red shades
show drier conditions and blue indicate wet anomaly. (Source: Funk et al., 2008)
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Chapter 5
5.1

SUMMARY, Recommendations & Conclusions

Major Findings/Summary of Results

5.1.1 Controls on SST variability
Pacific Ocean SSTs are only crucial to rainfall in southern Africa through their influence on IODZM
or BMI.
Indian Ocean SSTs are critical drivers of southern Africa’s rainfall (Fig 5.1, Table 5.1) through forcing
the circulation patterns which transport moisture away from (towards) the sub-region under warmer
(colder) NSWIO and cooling (warming) SSWO. It is the cooling in the NSWIO which influence
rainfall most whereas the SSWIO SSTAs only enhance that effect, slightly.

Figure 5.1: Zimbabwe ONDJFM National Rainfall Correlation with SSTs for the years 1959 to 1988. Note the Indian N-S
SST dipole.

NSWI0
SSWIO
SWIO
Nino3.4

SSWIO
SWIO
Nino3.4 Rg1
Rg2
Rg3
Rg4
Rg5
All Zim
0.57
0.86
0.56
-0.31
-0.20
-0.27
-0.12
-0.18
-0.25
0.91
0.04
0.10
0.27
0.27
0.30
0.28
0.25
0.31
-0.10
0.07
0.03
0.13
0.07
0.03
-0.50
-0.39
-0.45
-0.30
-0.26
-0.43

Table 5.1 Zimbabwe seasonal Regional Rainfall Correlations with SSTAs for regions of the Indian and Pacific Oceans.

Over large areas (i.e. all of Zimbabwe) the correlations with SST are much stronger than when
individual stations or meso-regions are considered. This indicates that the S/N ratio is significantly
higher when a large area is considered.
Past SSTA analyses, studies and PRECIS simulations shows an Indian Ocean warming alongside the
increasing global temperatures with greater warming over the NSWIO consequently causing more
South-westerly wind anomalies over southern Africa during austral summer which dries the sub
region.
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5.1.2 Variability in Precipitation and their driving mechanisms
Regional rainfall in Zimbabwe is influenced by the same large-scale circulations as natural regions’
inter-annual cycles are highly correlated (Fig 5.2, Table 5.2). Intensity is however modified by
orography as shown by the spatial distribution in Fig 1.1 of Chapter 1
Zim Inter-annual Rainfall Correlation (1959-1988)
Rg 1
Rg 1
Rg 2
Rg 3
Rg 4
Rg 5
All Zim

Rg 2

Rg 3
0.86

Rg 4
0.90
0.93

Rg 5
0.80
0.89
0.92

0.75
0.73
0.80
0.85

All Zim
0.94
0.94
0.97
0.94
0.87
1

Figure 5.2: Fig A showing the Inter-annual patterns and (b) the correlations between regions

5.1.3 Evaluation of PRECIS Model Performance
PRECIS generally represents the rainfall pattern fairly well. Its skill is however low on onset and
cessations as well as tendency to over-estimate summer monthly rainfall totals as shown in Fig 5.3

Figure 5.3 Beitbridge average monthly observed and PRECIS model simulated rainfall for the period 1989-2008 showing
how well PRECIS shows the annual cycle, onset and cessation.

Comparatively, the skill for representing Zimbabwe as a whole is much greater (Correlation=0.51)
than at regional or station level (with correlations at 0.25, 0.21, 0.37 and 0.41 for Beitbridge, Gweru,
Chipinge and Masvingo respectively) as shown in Fig 3.7 of Chapter 3. This is because the effect of
the driving factor (SST) is stronger at national level as can be represented in the model which cannot
accurately represent the 'noise' of natural variability in the atmosphere (at station level). The fact that
there is significant skill at a country level in precipitation simulations justifies using a regional model
at 50km, which can resolve countries, but calls into question whether it is worth going to much finer
resolution such as 5km. This is because the natural variability of the atmosphere at this level dwarfs
the effect of SST (as seen in the observations). ENSO’s important as a teleconnection only insofar as it
influences the Indian Ocean SST explains the generally good skill which PRECIS has even though it
does not seem to simulate the ENSO well. Whilst PRECIS RCM generally represents rainfall
processes well, considerable uncertainty emanates also from variable simulations of the SWIO SSTs.
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5.1.4 Projected Rainfall Change
There is some uncertainty in the projected rainfall change for southern Africa as shown by the wide
variation in PRECIS ensemble members. Strong statements can however be made on the anticipated
precipitation reduction along the western coastal regions of southern Africa into central southern
Africa. Most models are projecting a slight increase in rainfall in the south-east coast of Southern
African areas covering part of South Africa, Lesotho, Swaziland, Mozambique and south-east to
eastern parts of Zimbabwe. The significant warming in the NSWIO [Tropical Indian Ocean in all
future time-slices] is steering westerly wind anomalies thereby reducing moisture influx into the sub
region (through weakening monsoonal winds and reduced convergence/ ITCZ) or at times transporting
moisture away from the sub-region and dumping it in the ocean hence the marked rise in precipitation
in the tropical Indian Ocean. Fig 5.4 gives a summary of these results for the future summer seasons.

Figure 5.4 : Summary of Rainfall projections for southern Africa’s 2020s, 2040s and 2080s using PRECIS under A1B
scenario

For Zimbabwe Fig 6.19 to Fig 6.27, rainfall is projected to decrease significantly in the 2020s up to
the 2050 especially over the western provinces with the extreme south-eastern districts expected to
have a very slight increase in precipitation later into the century (2080s).
In summary, precipitation signal is variable between ensemble members reflecting the variability in
simulated IO SSTAs .What is however unusual is the fact that the signal gets weaker through time.
5.2

Consistency with literature

Most of the findings from the PRECIS model output and reviews of the physical mechanisms are
consistent with most projections and descriptions of regional circulations effect on rainfall from other
studies. Care must however be taken to account for the temporal change such as shift of onset which
may be (miss)interpreted as reduction of seasonal rainfall. According to Engelbert et al 2008, The
general increase in rainfall northern Mozambique into central southern Africa (during the 2080s) may
be linked to the general increase in the westward moisture flux over this region that occurs to the north
of a simulated more intense subtropical high-pressure belt. Just as found in this study, much of the
western subcontinent is also projected to become generally drier in the future climate, with statistically
significant decreases in rainfall noted for large portions of Namibia, Botswana, Angola, and the DRC.
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Shongwe et al (2009) suggest a possible explanation of the rainfall reduction in the western southern
Africa as being caused by the westerlies from the Atlantic Ocean which are known to be cold and dry
(due to the cold Atlantic SST and hence less evaporation) as well as anomalous westerlies are
indicative of the reduced moisture advection from the Indian Ocean into the subcontinent, all leading
to the reduced precipitation signal.

In trying to explain the general reduction in rainfall across the remaining 21st century years starting
from the 2050s under AIB especially in OND; Shongwe et al, 2009 noted that the large-scale
circulation changes which are inclined towards a more substantially reduced moisture flux into
southern Africa (consequently reducing the moisture convergence), are possible causes for the late
rainfall onset. Tadross et al, (2005) also found out that the decrease in the OND rainfall is more of a
consistently late onset which can also be viewed as a permanent shift in climate. Section 4.5 and other
projected rainfall discussions (Chapter 4) also give further comparison with other literature.

5.3

Recommendation and Future Research Directions

More studies need to be carried out to deepen the understanding of the rainfall mechanisms, their
representation in the GCMs which will give more credible projections of the future climate. Changes
in temporal distribution may need to be fully explored and understood in order to fully interpret the
nature of change to anticipate and hence adapt to/mitigate against.
There is need to critically look at the dynamical descriptions 5 model driving the PRECIS projections
and fully look at the representation of the key physical mechanisms and rainfall systems. Further
model development and evaluation should assess:
1)

how well the Indian Ocean is simulated and how this can be improved

2) the origin of the variability between the ensemble members for the SWIO
Looking at temporal changes in rainfall as well as other rainfall mechanisms such as the TropicalTemperate Cloud band or SE-NW tough over southern Africa and why the western parts of the region
drying are will also complement the studies. A detailed investigation on the Intra-seasonal Oscillations
[ISO] and how understanding of these physical mechanisms may feed into the Seasonal Climate
Outlook Forums [COFs] as well as the influence of land based processes and projected temperature
changes also need to be looked into closely as these may also give skill in rainfall (Shongwe et al,
2009).
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There is also an need to look at site-specific rainfall changes for Zimbabwe for Impact studies as well
highlight possible Impacts and implications of the projected Climate (to Agriculture, Hydrology,
Health, Economies, power-generation, Cyclones and Insurance Industry).
More model validations will also be looked into and model output compared with other grided
observed rainfall such as CRU data. Future studies also need to look at statistical significance of the
results (rainfall change) and wider regional (southern African) validations.

5.4

Conclusions

This study is one of the few that produce rainfall simulations covering the entire southern Africa and
part of the Indian Ocean for all 21st century time-slices from 2010 to 2100 at such a high resolution
[50km] using AIB scenario. It thus provides some more members to multi-model ensembling and
complements other efforts aimed at improving understanding of the regional rainfall.
The study has identified the (N) SWIO SST to be at the core of southern African rainfall physical
mechanisms. PRECIS RCM has shown that it can represent the interannual variability in rainfall quite
well and the seasonal cycle very well in addition to its ability to also represent the teleconnections and
driving mechanism. The projections are however very variable (between ensemble members) mainly
because the model projections of Indian Ocean SST are highly variable - especially at the beginning
and end of the integration (i.e. 2020s and 2080s).One of the ensemble members (HadCM3Q0) looks a
bit different, in general (a bit wetter) and that is likely to be due some perturbation of the physics that
has affected rainfall. Future work will look into this.

The precipitation change signal seems to get unusually, less robust through time (i.e. peaks at 2040s
and then declines by 2080s). This seems to be because under very high forcings of CO2, the structure
of the Indian Ocean SST (which determines rainfall variability) becomes rather noisy and hence
variable between ensemble members. The spread in Indian Ocean projections (esp. structure of SST
changes) are the origin of the uncertainty in rainfall projections
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Chapter 6
6.1

APPENDIX

Links with SSTs (Determining the Physical Mechanisms underlying the Projected
Change)

6.1.1 2010-2039
6.1.1.1 OND

Figure 6.1: Projected Surface Temperature change ( ) herein used as a proxy for SSTs over the Oceania regions for OND
period of the 2010-2039 under AIB scenario using PRECIS. Top row from left to right is the PRECIS output driven by
HadCM3Q0, HadCM3Q2, HadCM3Q9 whereas for the bottom row is HadCM3Q13, HadCM3Q14.

1

6.1.1.2 JFM

Figure 6.2: Similar to Figure A.2 but for AMJ

6.1.1.3 ONDJFM

Figure 6.3: Similar to Figure A.2 but for ONDJFM

2

6.1.2 2040-2069
6.1.2.1 OND

Figure 6.4: Projected Surface Temperature change ( ) herein used as a proxy for SSTs over the Oceania regions for OND
period of the 2040-2069 under AIB scenario using PRECIS. Top row from left to right is the PRECIS output driven by
HadCM3Q0, HadCM3Q2, HadCM3Q9 whereas for the bottom row is HadCM3Q13, HadCM3Q14.

6.1.2.2 JFM

3

Figure 6.5: Similar to Figure A.2 but for JFM

6.1.2.3 ONDJFM

Figure 6.6: Similar to Figure A.2 but for JFM

4

6.1.3 2070-2099
6.1.3.1 OND

Figure 6.7: Projected Surface Temperature change ( ) herein used as a proxy for SSTs over the Oceania regions for OND
period of the 2070-2099 under AIB scenario using PRECIS. Top row from left to right is the PRECIS output driven by
HadCM3Q0, HadCM3Q2, HadCM3Q9 whereas for the bottom row is HadCM3Q13, HadCM3Q14

6.1.3.2 JFM

5

Figure 6.8: Similar to Figure A.2 but for JFM

6.1.3.3 ONDJFM

Figure 6.9: Similar to Figure A.2 but for ONDJFM

6

6.2

Links with Vector winds

6.2.1 2010-2039
6.2.1.1 OND

Figure 6.10: Projected vector wind patterns for southern Africa and SWIO for OND period of the 2010-2039 under AIB
scenario using PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2, HadCM3Q9
whereas for the bottom row is HadCM3Q13, HadCM3Q14

7

6.2.1.2 JFM

Figure 6.11: Similar to Figure A.2 but for JFM

6.2.1.3 ONDJFM

Figure 6.12: Similar to Figure A.2 but for ONDJFM

8

6.2.2 2040-2069
6.2.2.1 OND

Figure 6.13: Projected vector wind patterns for southern Africa and SWIO for OND period of the 2040-2069 under AIB
scenario using PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2, HadCM3Q9
whereas for the bottom row is HadCM3Q13, HadCM3Q14

JFM

Figure 6.14: Similar to Figure A.2 but for ONDJFM

9

6.2.2.2 ONDJFM

Figure 6.15: Similar to Figure A.2 but for ONDJFM

10

6.2.3 2070-2099
6.2.3.1 OND

Figure 6.16: Projected vector wind patterns for southern Africa and SWIO for OND period of the 2040-2069 under AIB
scenario using PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2, HadCM3Q9
whereas for the bottom row is HadCM3Q13, HadCM3Q14

6.2.3.2 JFM

Figure 6.17: Similar to Figure A.2 but for JFM

11

6.2.3.3 ONDJFM

Figure 6.18: Similar to Figure A.2 but for ONDJFM

12

6.3

Zimbabwe Rainfall Projections

6.3.1.1 2010-2039
OND

Figure 6.19: Projected Rainfall change (mm) for Zimbabwe for OND period of the 2010-2039 under AIB scenario using
PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2, HadCM3Q9 whereas for the
bottom row is HadCM3Q13, HadCM3Q14 and an average of the 5 ensembles.

13

6.3.1.2 JFM

Figure 6.20: Similar to Figure 6.19 but for JFM

14

6.3.1.3 ONDJFM

Figure 6.21: Similar to Figure A6.20 but for ONDJFM

15

6.3.1.4 AMJ

Figure 6.22: Same as in Figure 6.21 but for AMJ

16

6.3.2 2040-2069
6.3.2.1 OND

Figure 6.23: Projected Rainfall change (mm) for Zimbabwe for OND period of the 2040-2069 under AIB scenario using
PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2, HadCM3Q9 whereas for the
bottom row is HadCM3Q13, HadCM3Q14 and an average of the 5 ensembles.

17

6.3.2.2 JFM

Figure 6.24: Same as in Figure 6.23 but for JFM

18

6.3.2.3 ONDJFM

Figure 6.25: Same as in Figure 6.24 but for ONDJFM

19

6.3.2.4 AMJ

Figure 6.26: Same as in Figure 6.25 but for AMJ

20

6.3.3 2070-2099
6.3.3.1 OND

Figure 6.27: Projected Rainfall change (mm) for Zimbabwe for OND period of the 2070-2099 under AIB scenario using
PRECIS. Top row from left to right is the PRECIS output driven by HadCM3Q0, HadCM3Q2, HadCM3Q9 whereas for the
bottom row is HadCM3Q13, HadCM3Q14 and an average of the 5 ensembles

21

6.3.3.2 JFM

Figure 6.28: Same as in Figure 6.27 but for JFM

22

6.3.3.3 ONDJFM

Figure 6.29: Same as in Figure 6.28 but for ONDJFM
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