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Abstract

Modes of climate variability over tropical Africa and adjacent Atlantic and Indian Oceans are
investigated using continental monthly averages of gridded rainfall and temperature and marine
environmental data, which consists of monthly averages of sea surface temperature, sea level
pressure and zonal and meridional wind components. Rainfall and temperature data are gridded
at a resolution of 2° x 2° latitude, longitude and based on conventional station data reports
(University of East Anglia CRU data set) in the domain 100N-35°S over Africa except
Madagascar. The environmental data is at a resolution of 10° x 10° latitude, longitude and based
on ship reports (COADS) in the domain 300N - 400S, 700W - 1000E. The data sets are subjected
to Principal Component Analysis (PCA) using the correlation matrix technique, resulting in the
gridded data being standardized. The data are analyzed for annual cycle and the departure
therefrom (i.e. Inter-annual fluctuations). The time-varying spectral energy nature of time series
is investigated using wavelet analysis technique.

PCA (with annual cycle) yielded 12 and 7 homogeneous rainfall and temperature regions, over
the African continent south of looN, which explained a total of 81 and 91 variance respectiv~ly.

PCA on marine environmental parameters over the Atlantic and Indian Oceans revealed a
number of homogeneous regions, some of which could be associated with synoptic systems.
Similarly, PCA was performed on the same data after removing the annual cycle..The time

evolution of these PC modes or time scores were shown to oscillate with periods of 2-4, 4-6, 8­
12 and 14 -16 years. Long period oscillating modes were revealed over tropics, particularly the

Atlantic Ocean.

Possible causes of rainfall and temperature variability over the tropical highlands of Africa were
investigated by correlation analysis between rainfall and temperature, and environmental

parameters and other indices at 1ag 0, using monthly data. Some modes of marine environmental
parameters over the Atlantic and Indian Oceans have shown good association with the climate
over the tropical highlands of Africa up to three months. Results also show that modes over
tropical equatorial belt of the Atlantic and Indian Oceans explain rainfall variability up to about
25% for some areas over Africa. Temperature variability over the continent is associated with
SST modes over the equatorial tropical oceans and some of these explain more than 64% of
temperature variability. ENSO has also shown good association with temperatures over the

continent while QBO is poorly associated with temperatures over the continent. Analysis results
have shown further that rainfall variability over east and southern Africa regions is associated
with the variability of SST, SLP and U wind component in the box 600E-900E,5°N-IOoS, over

the Indian ocean. Time delay analyses have shown that generally environmental parameter
indices lead rainfall for between 2 to 20 months. Results indicate that there is no clear picture as

to which parameter leads the other, as oscillations are not always in phase or exhibiting constant
lag. The un-harmonious nature of these features could sometimes undermine predictability in
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statistical modelling. So the idea ofreviewing predictor-predictant relationships in a time varying
manner is well justified.

Some parameters extracted from key areas show persistency and stability up to three months
while the Nin03 index has shown persistency and stability of up to 6 months. Results have also
revealed good associations between some environmental parameters over some key areas of the
Atlantic and Indian Oceans and rainfall over some areas of tropical Africa, at 0 to 3 month lags.
Analyses results have shown that the potential of forecasting rainfall over some areas of tropical
highlands ofAfrica exists.



ill

PREFACE

Year-to-year fluctuations of rainfall in the highlands of tropical Africa are common because of
atmospheric-ocean interaction. Variability of rainfall in tropical Africa has a major influence on
vegetation, animals and human activities. This is particularly true in semiarid climates, where a
departure from the average may be the critical factor in crop failure. In Africa the mainstay of the
population is subsistence farming of rain-fed crops, which renders its society vulnerable to
rainfall fluctuations. Inter-annual fluctuations of seasonal rainfall impact on hydro-power
electricity and the planning of agricultural activities (e.g., selection of the right variety of crops).
Reliable predictions can inform policy makers and water authorities.

The availability of accurate, reliable and timely seasonal forecasts rest on an understanding of
inter-annual climate variability components and their relation to regional and global
meteorological parameters. The knowledge of inter-annual rainfall variability can be used to
develop seasonal rainfall prediction, which can form a tool for sustainable development,
employing scientific information to' improve the quality oflife.

Many researchers have undertaken studies on annual, inter-annual, intra-seasonal rainfall
variation, and their relations with regional/global parameters for different areas of tropical
Africa,' using different data sets such as SSTs (Sea Surface Temperatures), SO (Southern
Oscillation), QBO (Quasi-Biennial Oscillation), SLP (Sea Level Pressure), Wind etc. Despite the
research progress in the last decade that has begun to reveal the extent of regional and global
influence on tropical African rainfall, much remains to be understood about the interaction
between the climate system and the surrounding ocean-atmosphere system. One question, for
example, which is yet to be fully answered, is: Why do extreme ENSO events bring different
patterns over tropical Africa? Could there be regional processes which modulate ENSO events
over tropical Africa? A good example is the 1997/98 ENSO episode. Expectations were that this
extreme event would have caused extensive drought over southern Africa. Fortunately, this never
happened.

The objective of this research is to study the inter-annual variability of seasonal rainfall over the
tropical highlands of Africa for the period 1965-1995. Specifically to look at how the anti-phase
relationship between the East Atlantic .and West Indian SST and associated upper zonal winds
affect convection over the tropical highlands ofAfrica.

Fluctuations of seasonal rainfall over the tropics pose a problem to farmers and water resource
managers and related industries. Farmers, water resource managers, economic planners and
others would be well armed if they were able to know what is going to happen in the coming
season. In order to be able to predict seasonal climates therefore, there is a strong need to
identify major patterns of climate variability on inter-annual time scale over tropical Mrica and
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its relation to regionaL'global meteorological parameters together with forcing mechanisms

The study is aimed at identifying regionaL'global ocean-atmosphere parameters which, influence
inter-annual rainfall variability over the highlands of tropical Africa. 'This will give an insight on
the relationship between inter-annual variability of rainfall/convection over the tropical
highlands of Africa and ocean-atmosphere coupling; from which we can develop operational
statistical models capable ofpredicting seasonal rainfall.

The specific objectives ofthe research:
- To identity major patterns ofrainfall and temperature variability at the inter-annual time scales
over the study area e.g. Africa south of lO"N, and identifjr the nature of the variability. This will
be achieved by analyzing available observation/model derived data.

- To identity major patterns of SST, SLP, Zonal and Meridional wind components variability
over the Indian and Atlantic Oceans between 70oW-lOooE, 20"N-40oS at the inter-annual time
scale and identifjr the nature of variability. 'This will be achieved by analyzing available
observation/model derived data.

- To identity the role of remote SSTs and associated teleconnections in modulating inter-annual
rainfall over the tropical highlands of southern Africa.

- To investigate the influence of Congo convection on the eastern highlands ofAfrica.

To investigate whether the zonal circulations of the Atlantic Ocean interacts with
thermodynamic energy released over the Indi;m Ocean.

- To synthesize this knowledge into predictive models

This thesis is comprised of seven chapters. Chapter one provides a short account on the
background to the study problem, aims and objectives of the study, relevant literature review and
hypothesis. The literature review briefly describes the observatiOnal studies on inter-annual
rainfall variability over Africa and associated causing mechanism. The second chapter details
data and its sources. Principal Component Analysis and Continuous Wavelet Transform are
briefly described in this chapter. Continuous Wavelet Transform is a relatively new method in
the meteorological field. Chapter three describes the climatology of tropical highlands of Africa
and also discusses the characteristics of annual cycle of the first two PC modes for different
parameter fields. Chapter four deals with the temporal and spatial characteristics of the inter­
annual variability of different parameters extracted from different key areas, with the PCA
guidance. Correlation analysis is covered in chapter five. Simultaneous correlations, at lag zero,
between rainfall and temperature key areas and other parameter is detailed in this chapter. Spatial

-------------------
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correlations are also performed in this chapter. In this chapter, relationships between rainfall over
east and southern Africa in the various period bands are studied using cross wavelet spectrum.
Time delay between a predictor and a predictant is also discussed. Chapter six deal with the
forecasting potential of rainfall over the tropical highlands of Africa. In this chapter correlation
between rainfall key areas and other parameter over selected key areas, at lag 3 and 6 are
calculated. Correlations between DJF and MAM rainfall and other parameters at season lags 0, 1
and 2 are calculated. Chapter seven summarises major fmdings of the study and conclusions.
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CHAPTER 1

1.0 Introduction

Year-to-year fluctuations of rainfall in tropical Africa are common as a consequence of

atmospheric-ocean interaction and otherprocesses. Variability ofprecipitation in tropical Africa

has influence on vegetation, animals and human activities. This is particularly true in semiarid

climates, where a departure from the average may be the critical factor in crop failure. In Africa

the mainstay ofthe population is subsistence farming ofrain-fed crops, which renders its society

villnerable to seasonal rainfall fluctuations. Inter-annual fluctuations ofseasonal rainfall impact

on hydro-power electricity and the planning ofagricultural activities (e.g., selection ofthe right

variety ofcrops). Reliable prediction ofclimatic anomalies canbe ofimportance to policy makers

and water authorities.

The availability ofaccurate, reliable and timely seasonal forecasts rest on an understanding of

the components of inter-annual climate variability and its relation to regional and global

environmental conditions. Applications of seasonal rainfall prediction can form a tool for

sustainable development, employing scientific information to improve the current standard of

life.

Many researchers have undertaken studies on annual, inter-annual, and intra-seasonal rainfall

variation, and their relation to regionallglobal parameters for different areas of tropical Africa,

using diverse information such as SSTs (Sea Surface Temperatures), SO (Southern Oscillation),

QBO (Quasi-Biennial Oscillation), SLP (Sea Level Pressure), wind etc. Despite the research

progress in the last decade that has begun to reveal the extent of regional and global influence

on tropical African precipitation, much remains to be understood about the interaction between

the climate system and the surrounding ocean-atmosphere system. One question, for example,

which is yet to be fully answered is: "Why do extreme ENSO events bring different patterns of

rainfall over tropical Africa?" Could there be regional processes which modulate ENSO events

over tropical Africa? A good example, is the 1997/98 ENSO episode. Expectations were that this

extreme event would cause extensive drought over southern Africa. Fortunately this never

happened. The objective of this research is to study the inter-annual variability of seasonal
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rainfall over tropical Africa for the period 1965-1995. Specifically to look at SST and circulation

patterns over the East Atlantic and West Indian and associated convection over the highlands of

tropical Africa.

1.2 Motivation

The year-to-year fluctuations ofseasonal rainfall over the tropics pose a problem to fanners and

water resource managers and related industries. This becomes an even more serious problem

when extreme cases ofdry orwet seasons occur 2-3 years consecutively. Fanners, water resource

managers, economic planners and others would be well prepared if they were able to adjust to

what is going tohappen in the coming season. In order to be able to predict seasonal climates

therefore, there is a need to identify patterns ofclimate variability on the inter-annual time scale

over tropical Africa and its relation to regionalfglobal forcing mechanisms. This type of study

can lead us to identifying indices which can be used in predicting seasonal rainfall over the

continent.

1.3.0 Study Objectives

The inter-annual variability of seasonal rainfall over tropical highlands ofAfrica is belil'!Ved to

be related to the relative strength of subtropical highs and the ITeZ, and associated monsoon

inflow. These factors affect the southeastward shiftofthe meridional arm ofthe ITCZ (the Congo

airmass) and seasonal rains in east Africa. The east-west overturning circulation of the Atlantic

is thought to interact with ENSO to modulate convection over the Congo Basin and surrounds.

Sea surface temperature variability over the Atlantic and Indian oceans controls a portion of the

climate ofthe region at the inter-annual time scale and affects the local uptake ofglobal climatic

signals..

The study is aimed at identifying regional ocean-atmosphere parameters which influence inter­

annual rainfall variability over the highlands oftropical Africa. This will give insight to possible

coupling mechanisms, from which we can develop operational statistical methods capable of

predicting seasonal rainfall.

1.3.1 Specific study objectives

- To identify major patterns of rainfall and temperature variability at annual and inter-annual
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time scales over the study area, e.g., Africa south of 10"N, and identitY the nature ofthe

variability. This will be achieved by analyzing model-interpolated observational data.

- To identifY major patterns of SST, SLP, Zonal and Meridional wind variability over the

Atlantic and Indian Oceans between 700 W-100°£, 200N-400S at the inter-annual time scale and

identifY the nature of variability. This will be achieved by analyzing Model-interpolated

observational data.

- To identifYthe role ofregional!global SSTsand associated teleconnections inmodulating inter­

annual rainfall over the tropical southern Africa

-To investigate the relationship between African rainfall, the Indian monsoon and Congo

convection.

- To investigate whether the zonal circulation of the Atlantic interacts with thermodynamic

energy released over the Indian Ocean.

- To synthesize this knowledge into predictability potential

1.4.0 Study area and its climate

1.4.1 Study area

The study area lies between IO"N and 34°S and between 20°£ and 40°£ with elevation above

1000m

1.4.2 Climates of the study area

The mean state ofatmospheric motion is mainly due to latitudinal temperature differences, the

distribution ofcontinents, oceans and major surface topography. The heating ofthe equatorial

belt through the absorption of incoming solar radiation and cooling of polar regions through

outgoing terrestrial radiation, provide energy to move the atmosphere and oceans. The mean

circulation produces a seasonal cycle in precipitation and temperature. Though observations

extreme cases may be identified and the space and time distribution of atmospheric and

oceanographic parameters which govern such conditions may be studied. Characteristics of the

study area include: (I) above IDOOm elevation in Africa (2) Zones ofinter-tropical Convergence
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monsoon and trade wind flows where tropical wave motion, e.g., MJO (madden Julian

Oscillation) is present. In the following sections the climate ofthe study area is described, which

for convenience is subdivided into three parts, i.e., east, central and southern Africa.
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104.2.1.0 Annual cycles

1.4.2.1.1 East and central Africa

East Africa bas two major rainfall divisions, tbe bimodal area and the urumodal area. The

bimodal area has [Wo rainy seasons, (Ocwber-December) and me (March 10 May). The unimodal

division has one rainy season (November- March). The climate of this area can beSI be described

as mat of dry and wel tropics wim a distinct dry season. The dry season normally coincides with

the austral winter (June-August). The outslanding feature ofuopical African precipitalion is the

marked annual cycle. Many stmions have several months wim no precipitation, whereas the

wettestmomhs have an average of200 mm or more. The coeftlcientofvariability ofprecipitation

is gremer than in me equatorial lowlands (CritchIield, 1975). The lowlands (i.e., the Congo

Basin) and tropical coasts exposed to monsoon winds (e.g., Madagascar) experience a tropical

rainy type of climate. Rains over the tropical highlands of Africa, South of Lake Victoria,

generally begin in November and continue until April (EA1\IlD, 1963; Alusa and Mushi, 1973).

Wilh the highest wrals in January andfebruary. Synoptic features and wind flow patterns which

produce rains in this parr ofAfrica are complex. Srudies done by Griffitbs, (1959); Nyenzi, 1988

and Ogallo, 1989 suggest tbat tbe inter-Tropical convergence zone (lTCZ) is the major source

of rainfall in me region as it moves North and Soum of me Equator lagging behind the solar

angle. Monsoon winds and subtropical high pressure systems also influence the rainfall panern

of the region.

1.4.2.1.2 Southern Africa

The annual rainfall distribution over southern Africa has been documented by many researchers

(Keen and Tyson, 1977; Mason, 1992; Mulenga, 1998; Mason, 1992;). Aparr from the area near

Cape Town, southern Africa receives its rainfall from November to March, the Austral summer.

Summer rainfall over southern Africa is mainly convective and is associated with [he

introduction ofmoist air from the tropics. via meridional cloud bands (Harrison, 1986). SLUnmer

rainfall can also be associated with easterly waves from the lndian ocean and the interaction of

westerly wave disturbances in me south.

Observational records have revealed that seasonal rainfall over tbe study area varies from year

to year. It is this variability which is a concern to people, especially when extreme cases occur.

Are we able to foresee these extreme events? In the next section efforts to identify spatial and
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temporal atmospheric and oceanographic patterns associated withprecipitation variability at the

inter-annual time scale are discussed. Forecasting of seasonal rainfall using statistical models

will also be discussed.

1.4.2.2.0 Inter-annual rainfall variability over the study area.

Studies on temporal and spatial aspects of climates have recently revealed remote influences

from the Pacific Ocean, El Nino Southern Oscillation. Potential regional/remote forcing of

precipitation variability over Africa is discussed.

1.4.2.2.1 Temporal and spatial variability

A number of studies on rainfall variability at inter-annual time scale have been done over

southern Africa. Over East and central Africa fewer studies have been done mainly focusing on

the bimodal rainfall areas and ignoring the unimodal rainfall areas. The importance of these

unimodal rainfall areas for Tanzania lies in the fact that the major cereal producing region and

catchment areas for the rivers which have been tapped for hydroelectricity power generation are

located in this area.

The spatial and temporal variability ofrainfall over the continent of Africa with its relation to

regional and remote atmospheric and oceanographic parameters have been studied by many

researchers among them are Nicholson, 1986; Nyenzi, 1988; Mason, 1992; Janowiak, 1998;

Mulenga, 1998. Monthly precipitation over different parts· of Africa oscillates at different

periods from 2-10 years (Tyson, 1980; Nicholson,1986; Nyenzi, 1988, JUlY and McQueen,

1993).

Over East Africa precipitation oscillates with dominant periodicity ofbetween 2.3 and 5 years,

which appear to be related to Quasi-biennial oscillations and ENSO events respectively. Using

rainfall data from Tanzanian stations similar, results were revealed by JUlY and McQueen,

(1993).

Over southern Africa a number ofdominant periods ofoscillation inprecipitation have also been

revealed. Among the dominant periods of oscillation are the Quasi-biennial oscillations (2-3

year), the Southern Oscillation with a period of3-5years, the Il-year solar cycle and the 18-year
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cycle (a Luni-solar tide). Using station data from 1910 to] 977, Tyson (1980) analysed rainfall

anomalies over southern Africa, south of22°S and revealed the existence of 18-20 year periods

in the data.

Mu1enga 1998 who performed principal component analysis on DJF rainfall anomalies over

southern Africa, identified four regional scale spatial coherent rainfall patterns whose loadings

centred over Angola, northern Malawi, eastern Botswana and eastern South Africa. The Quasi­

biennial oscillation (2-3 years) was found to be strong in all modes while the Angola mode had

ENSO temporal characteristics. The Botswana and Eastern South Africa modes exhibited more

spectral energy around the 18 year periods.

Using precipitation data from 1901 to 1973 Nicholson (1986) found six spatial modes of

precipitation variability over Africa. Dominant patterns were those with the same sign over the

whole continent and another with out-Qf- phase relationships between precipitation over tropical

and subtropical areas of the African continent Spectral energy of the 5-6 year oscillation was

dominant over tropical Africa, whilst periods of 3.3-3.8-years were over eastern Africa.

Principal component analysis has been used widely in studying the spatial and temporal pattern

of precipitation over Africa. Dyer (1981) described the first four of South African station's

annual rainfall from 1921 to 1975. The first mode, with an explained variance of 32%, was

loaded over Central South Africa. Spectral peaks for the first PC had (2 - 3-year) Quasi-biennial

oscillation and 10-13 year.period (solar cycle).

1.5.0 Causes of climate variability

Precipitation over the tropical highlands ofeast Africa is influenced by the convergence of the

moist southeast and northeast trade winds which forms part of the monsoon system of the

western Indian Ocean. Westerlies from the Atlantic ocean also influence the precipitation over

these areas. Precipitation over the tropical highlands ofAfrica is associated with the passage of

easterly waves and MJO. Further south the passage oftemperate westerly wave disturbances and

the interaction of these disturbances and easterly wave disturbances from the tropics are

associated with precipitation over southern Africa. Winds and rainfall over Africa depend on the

relative strength of the subtropical marine high pressure systems while the thermodynamic state

of the adjacent Indian and Atlantic Oceans determine the moisture flux.
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A number of studies have been done in order to understand the possible causes of rainfall

variability over the subcontinent (Lindesay and Jury, 1981; Tyson, 1981;Nyenzi, 1981; Jury and

Pathack, 1991; Makarau, 1996). In east Africa the passage of the lTCZ (Inter-tropical

Convergence Zone) is associated with two rainy seasons which normally occur during March­

May and October- December. Over the southern areas of East Africa only one rainy season is

observed which normally occurs from November to March. The TICl, over east Africa is a

result of low-level convergence of airmass from the two hemispheres which constitute the

monsoonal flow. Easterly waves are also associated with precipitation at the coast ofEast Africa

(Lumb, 1966; Nyenzi, 1988). Rainfall in east Africa is also associated with low-level westerly

wind (Nakamura, 1968; Mpeta, 1997; Wairoto, 1997). Westerly winds within the tropics at low

and middle levels, accompanied with widespread deep convection, are normally associated with

passage of the 40-60 day MJO (Madden and Julian, 1971). South.em Africa rainfall variability

has been associated with a number ofregional circulation anomalies (Mironand Lindesay, 1983;

Tyson, 1984; Lindesay and Jury, 1991). These circulation anomalies could be linked to

interactions between tropical and westerly wave disturbances, variability in the strength of

tropical easterly and temperate westerly disturbances and variability in the intensity of

subtropical high pressure systems which controls the strength of the easterly trade winds.

The variability ofthe 500 hPa circulation field has been linkedto precipitation variability over

southern Africa (Tyson, 1984). High rainfall amounts over central parts of south Africa is

associated with a trough axis over Namibia, Botswana and central Africa It was also revealed

that rainfall variations in southern Africa were associated with the interaction of easterly

disturbances from the tropics and temperate westerly disturbances. For example, Lindesay and

Jury, (1991) found that interactions between tropical eaSterly waves, from the south-west Indian

ocean and mid-latitude westerly wave disturbance resulted in the floods ofFebruary 1988 over

south Africa.

1.6.0 Influence of Atlantic and Indian Oceans on Mrican rainfall

Persistently dry and wet periods of several years in the Sahel have been reported by Folland et

al., to be accompanied by a global-SST pattern. In a GCM experiment by Palmer (1986) it was

found that over the Sahel, the Atlantic and Pacific SST fields induce changes in rainfall whereas

the Indian Ocean influence is more limited.
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Wani (1998) reported some association between precipitation in Guinea and eastern equatorial

Atlantic SST anomalies at the inter-annual time scale. The Indian Ocean SSTs play a more

pivotal role in precipitation variability over the highlands ofeast Africa and a number ofstudies

have indicated this relationship. In their modeling studies Arpe et al., (1998) demonstrated how

moderate changes in northern Indian Ocean SSTs affect the Indian summer monsoon. A

relationship between summer rainfall in Zimbabwe and Indian ocean SSTs was found by

Makarau and Jury, (1997). In their recent modeling study, Reason and Mulenga (1999) have

reinforced the observational work which suggests that warm SST anomalies in the south-west

Indian ocean are linked with significant rainfall anomalies over southeastern Africa An

associationbetween summerrainfal1 over some parts ofcentral and eastern south Africa and SST

anomalies in the southwest Indian ocean have been revealed by Walker (1990) and Mason

(1995). Studies conducted by Ogallo, (1988) have shown an association between the seasonal

rains during October-Decemberand SST anomalies in certain oceanic areas. There was however,

a relatively weak association between the seasonal rains during March-May and SST anomalies.

1.7.0 Teleconnections

Circulation regimes that alter the preferred location oftropical convection (Harrison, 1986) and

the Inter-Tropical Convergence Zone (lTCZ) deterrnineyear-to-year fluctuations in rainfall over

highlands oftropical Africa Studies undertaken by Ropelewiski and Halpert, (1987); Janowiak,

(1988), have revealed thatElNino-Southern Oscillation warm event in the equatorial Pacific and

Indian Oceans are associated with extreme climates over much of Africa. Global ENDO warm

events most often influence rainfall in the Austral spring and summer as part of a seasonally

dependent response (Meehl, 1988). A strengthening ofupper westerly flow throughout the region

during warm events, result in a concomitant decline (increase) in moisture confluence over

southern (eastern) Africa (Hastenrath et a!., 1993). According to Tourre and White, (1995) the

tropical Atlantic Ocean can have a delayed response to ENSO, which may induce circulation and

convective anomalies over significant parts ofAfrica with a time lag ofthe order 12-18 months.

According to Cadet, (1985); Jury and Pathack, 1993; Meehl, (1993); Mason, (1995), a warmer

tropical Indian Ocean is frequently associated with dry condition over southern Africa. During

El Nino conditions, the central Indian Ocean experience changes in wind stress (HaStenrath, et

aI., 1993) which bring about zonal overturning that spills onto East Africa causing floods. In the

equatorial Atlantic, coupled ocean-atmosphere variations have been identified which bear some
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resemblance to El Nino events of the tropical Pacific (Weare, 1977; Nicholson and Entekhabi,

1987). Furthermore it has been revealed that Atlantic SST variability affects rainfall over the

western half of southern Africa (Jury, 1996). However, there are still many questions to be

answered: How does the Atlantic zonal circulation respond to local and remotely driven SST

forcing (e.g., ENSO, N-S dipole): How does Congo Basin convection spread across tropical

highlands of tropical Africa?

1.8 Forecasting seasonal rainfall over the highlands of tropical Africa

Forecasting ofseasonal rainfall is a serious challenge to climatologists all over the world and in

particular over the African continent where most countries depend on rain-fed agriculture. The

poor state of the economies obliges people to maximise the use ofavailable water resources for

hydroelectric power generation. Dynamical and statistical seasonal rainfall forecasting is at an

advanced stage on the global level and forecasting results are quite promising. Dynamical or

numerical prediction is difficult formost African countries because ofthe operational resources

required. Statistical modelling is within operational capabilities in most national meteorological

centres in Africa

The science oflong-range-forecasting started more than one hundred years ago in India when

attempts were made to forecast the seasonal monsoon rainfall. The first long range forecast of

summer monsoon rainfall over the whole ofIndia and Burma, which was based on the extent of

Himalayan snow cover, was issued on June 4, 1886 by Blanford, (1884). Since then the seasonal

monsoon rainfall forecasts have been issued by the India Meteorological department every year

and efforts have been continued to develop better techniques. Forecasting of seasonal monsoon

rainfall over India was the motivation for sir Gilbert Walker's (1923, 1924) pioneering work on

the Southern Oscillation. In 1910 he introduced the concept ofpoint-to-field correlation mapping

and developed a Multiple Regressionmodel (Walker, 1910) for forecasting the monsoon rainfall

over India Since then, the correlation technique is widely used, in one form or another.

Recent efforts have resulted in the development ofnew types ofLRF models namely, dynamic

stochastic transfer (Thapliyal, 1982, 1990), Parametric (Gowariker et aI., 1989) and Power

Regression (Gowariker, 1989, 1991).lnitial attempts at forecasting seasonal rainfall used a single

parameter to forecast rainfall. These types offorecasts were later discontinued as they did not

exhibit reasonable accuracy. In 1907, SirGilbert Walker (1910) introduced an objective method

ofcorrelation in seasonal rainfall forecast or LRF (Long Range Forecast). His method was based
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on the assumption that the association of various antecedent meteorological factors with the

forecast element found in the past by correlation technique, will persist in the future also. The

first multiple regression model based on this principal, contained four predictors namely, the

Himalayan snow accumulation at the end ofMay, south American pressure for Spring, Mauritius

for May and Zanzibar District rain for April and May. Using the correlation technique, Walker,

1923 embarked on a world wide search for an association between the Indian monsoon rainfall

and antecedent weather features in different parts ofthe world. Despite wide use, the correlation

technique has limitations. For example, Thapliyal (1987) found that summer monsoon rainfall

forecasts were correct on about 65% ofoccasions. Thapliyal (1987) attributes this failure to the

fact that the model projects the relationship (measured by the correlation coefficient) observed

in the past, into the future and this change with time. To account for the ebb and flow of

historical relationships, the updating of operational multiple regression-models is done on a

regular basis, Thapliyal 1991.

Over southern Africa, manyresearchers have developed seasonal forecasting models (Jury et aI.,

1999). The Multiple regression technique is the method of choice, whilst composite and

principal component analyses are the main diagnostic tools. Using peA and correlation mapping

Mason, (1992); Jury et al., (1999), identified SST indices for use in multiple regression models

to forecast summer rainfall over southern Africa. In East Africa internal efforts have progressed

slower. Attempts at creating a seasonal forecasting model in Tanzania have been done byNyenzi

et aI., (1997). The parametric model attempted to forecast MAM, OND, and O-A (October to

April) rainfall. using ENSO and SSTs in two areas of the tropical west Indian and eastern

Atlantic Oceans.

The objective of this thesis is to 'underpin' rainfall forecasting models for southern and eastern

Africa. Principal component analysis was used to identifY coherent patterns in predictand and

predictorparameters. This spatially aggregates the variables. The correlation technique employed

used to identifY predictor parameters which are significantly associated with the respective

predictand (target).

1.9 Statistical modelling of rainfall

Some of the common modelling techniques used, are: Persistence, Analogues, quasi-periodic,



I - 12

multiple regression, Parametric, Dynamic (numerical), canonical correlation analysis (CCA), etc.

In this study multiple regression method is used to formulate seasonal forecasting models for the

two selected areas, i.e. east and southern Africa. This method, which is basically a linear

correlation method, is based on the assumption that the association of various meteorological

factors with the forecast element, found in the past by the correlation technique will remain the

same in future. Though this technique has demonstrated some skill for some regions and seasons

of the world, there is a problem of stability of correlation coefficients used in regression

forecasting as these change with time in both magnitude and in their sign (Rao, 1964; Thapliyal,

1986). In order to avoid this problem the India Meteorological Department updates their models

every year by dropping unstable predictors and at times, adding a few promising ones. Details

of these methods can be found in Thapliyal (1991). Using a similar approach, i.e. of the

correlation technique, potential predictors for rainfall over east and southern Africa have been

identified in chapter 5 and shall be used to create forecasting models for these areas.

Rainfall variability at the anriual time scale over the tropical highlands ofAfrica is controlled by

the north-south movement of the sun. Observations show that the seasonal total is significantly

modulated. Similarly the spatial distribution of rainfall is different for different areas due to a

number offactors such as differences in topography, prevailing wind regimes, and passing storm

tracks. Research work has established that rainfall over a larger part ofthe tropical highlands of

Africa is influenced by the ENSO phenomenon, though its influence is not entirely deterministic.

Even in the absence ofextreme ofENSO cases drought or flood conditions may be experienced­

Hence, other regional features must influence inter-annual rainfall variability.

Anumber ofresearch works have been done over east and southern Africa on mechanisms of

rainfall variability at inter-annual time scale (Nicholson, 1986;Nicholson and Entekhabi, 1987;

Nyenzi, 1988; Ogallo, 1989; Walker, 1989; Mason, 1992 and Mulenga, 1998). Most of these

studies have put emphasis on the association between rainfall, ENSO and SST over the Atlantic..
and Indian Oceans. Walker, (1989) analysed SST associations from the south-west Indian and

Atlantic Oceans (0°-40S, 20°-70°W). Similarly Mason (1992) studied the association ofsouthern

Africa rainfall and SST over the Indian and Atlantic Oceans in the domain 0-500 S, 700 W-700 E.

Mulenga (1997) used SST monthly time series data (1950-1991) from the United Kingdom

Meteorological Office (UKMO) and performed peA in the domain 17.5°N-37.5°S, 47.5°W­

97.5°E. His work mainly focussed on how the Angola low modulates rainfall over southern

Africa and the association of the Atlantic and Indian Ocean to ENSO.
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In this study use shall be made of monthly SST and sea level pressure (SLP), zonal (U) and

meridional (V) wind components over the Atlantic and Indian Oceans in the domain 20'"N-40oS,

70oW-IOooE from January 1965 to December 1995. SST and SLP are important in this study

because they are appropriate to investigate the hydrostatic interaction between the oceans and

atmosphere. From the results action centres are identified for use in modelling the inter-annual

rainfall over east and southern Africa

This study is expected to achieve the following goals:

Find the principal mechanisms responsible for the inter-annual variability of rainfall over the

tropical highlands of Africa. IdentifYing regional/global predictors to be used in seasonal

prediction of rainfall over the highlands of tropical Africa. Study the anti-phase relationship

between the east Atlantic and west Indian Ocean SST and its influence on convection over the

highlands of Africa Identify the major inter-annual spatial and temporal patterns of climates

which can help in the prediction of seasonal rainfall over east and southern Africa

In chapter two the observational data used to study the mechanisms of inter-annual rainfall

variability over the tropical highlands of Africa shall be described. The continuous wavelet

transform method, which transforms a time series to a two-dimensional frequency-time domain,

will be discussed.
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CHAPTER 2

2 .0 Data and Methodology

2.1.0 Data

To study inter-annual climate variability gridded mean monthly rainfall and temperature data over

the African continent, from the Climate Research Unit (CRU), and COADS (Comprehensive Ocean

Atmosphere Data Set) gridded SST, SLP, U and V surface winds are used. In some cases' NCEP'

gridded kinematic and thermodynamic data are considered. Station rainfall data from Tanzania are

used as a reference, but the even data coverage of the CRU gridded rainfall is advantageous in

statistical analysis. The period 1965-1995 was chosen for the study because it was found that there

were few missing data in the COADS data set. For climatological studies this 31-year period is

acceptable. A short description of the data follows in the next section.

2.1.1 Comprehensive Ocean Atmosphere Data Set (COADS)

The Comprehensive Ocean Atmosphere Data Set (COADS) is an extensive collection of surface

marine data available for the world ocean. COADS is a result ofa continuing cooperative project in

the National Oceanic and Atmospheric Administration (NOAA) - specifically its Environmental

Research Laboratories (ERL), National Climate Data Centre (NCDC), and Cooperative Institute for

Research in Environmental sciences (CIRES) conducted jointly with the University ofColorado -­

and the National Science Foundation's National Centre for Atmospheric Research (NCAR). The

parameters used from this data set were Sea Surface Temperatures (SST), SeaLevel Pressure (SLP),

Zonal (U) Wind Component and Meridional (V) Wind Component. Mean 'enhanced' monthly

statistics were extracted from the Indian and Atlantic Oceans in the domain 30oN-40o S, 700 W-1 OooE

for the period 1965-1995. The period 1950-1964 was excluded because of too many missing data

The enhanced statistics, whose record period is from 1950 to 1995, were derived using 3.5 sigma

trimming limits (a quality control procedure used to identify outliers with respect to climatological

values). The trimming limits still allow for extreme climate events. In order to increase coverage,

marine observations from ships, fishing vessels~ and surface oceanographic measurements were

combined. The data is accumulated into 10ox10° LatJLon. grid boxes from which inter-annual

patterns are extracted for the Atlantic and Indian Oceans.
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2.1.2 Climate Research Unit (CRU) data

Griddedmonthly rainfall and temperature data for continental Africa were obtained from the (Climate

Research Unit -University of East Anglia, 1998). The 2° latitude/longitude gridded mean monthly

precipitation and temperature data for the period 1951 to 1995 were created from 3 minute

latitude/longitude grids of mean monthly precipitation and temperature data The 3 minute

latitude/longitude grids were constructed using 2307 stations for precipitation and 1485 stations for

temperature. Uniform gridded data were obtained by interpolation ofirregular station data A thin­

plate spline technique was used to interpolate the mean climate surfaces as a fimction of latitude,

longitude and elevation. The technique is robust in areas with sparse and irregularly spaced data as

is the case in Africa (Wahba, 1979). Hutchinson (1995) provides a theoretical description of its

application to surface climate variables such as precipitation.

2.13 NCEP data

. Kinematic and thermodynamic re-analysis data were obtained from the National Centre for

Environmental Prediction (NCEP). The re-analysis project which is a joint project between NCEP

and NCAR, (Kalnay et al., 1996) and is aimed at producing a 40-year record ofglobal atmospheric

fields. Theproject is involved in the recovery ofland surface, ship, rawinsonde, pibal, aircraft, satellite

and other data; quality control and assimilating the data with a system that is kept unchanged over

the re-analysis period 1958-1998. This type of approach eliminates perceived climate jumps

associated with changes in the data assimilation system. Table2.1 gives a classificationofthe selected

parameters according to relative influence of observational data and the model on the gridded

variable. Mean monthly temperature, geopotential height, zonal and meridional winds, and sea level

pressure, and vertical velocity were retrieved for all levels between 1OOOhPa and 1OOhPa inclusive,

while relative humidity and specific humidity were retrieved between 1000hPa and 300hPa levels

inclusive. Stream fimction and velocity potential were available at two levels, i.e., 850hPa and

. 200hPa. Other integrated variables like precipitable water were also utilized. These data were

retrieved from 1965 to 1995 to match the. CRU and COADS data. NCEP data has been used in

numerous c1imatological studies, such as by (Webster et al., 1999; Hastenrath, 1999, 200 I).
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Table2.1: Classification ofparameters according to observational data and the model on the gridded

variable

CLASS A CLASSB

PARAlvlETER UNlT PARAMETER UNlTS

Zonal wind illS·1 Suorface pressure hPa

Meridional wind ms~! Specific humidity

Pressure reduced to fiSl hPa

CLASS A: Indicates that the analysis variable is strongly influenced by observed data and hence it

is in the most reliable class (upper-air temperature and wind).

CLASS B: Indicates that although there are observational data that directly affect the value of the

variable, the model also has a very strong influence on the analysis value (e.g., humidity and surface

temperature).

2.1.4 Station Rainfall data

Station. monthly rainfall data for the period 1965-1995 were available from the Tanzania

Metecrological Agency listed in table 2.2. The Southwestern area ofTanzania is considered. Station

monthly rainfall data is used to cross-check the adequacy ofgridded rainfall data from CRU which
.- . ~-

is used extensively in this study. Monthly station rainfall averages, within the box 30°-36°, 4°S_lOOS,

were calculated to obtain a time series index which was used to compare with the gridded rainfall data

from CRU extracted in the same box (fig 2.0). Stations within the box had uninterrupted data

between 1965 and 1995. The correlation coefficient between monthly station rainfall averages and

monthly griddedrainfall data obtained in the same box was +0.78, significant at 99% confidence limit.
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Table 2.2 Rainfall stations used in the comparison with CRU gridded rainfall data

STATION NAME STATION NUlVJBER LATITUDE LONGITUDE

NzeeaBoma 9413000 4 ," 33 ")0

Tabora Met 95"20P 5.1 0 ",
Mwanhala 94,300? 4.4° 33 I"

Mnanda 96'1005 6'" 31.1".J

Kipoma Met. 94?901~ 4.90 299°

SioO'ida 94'4001 4.80 1470

Kondoa 94"025 4.90 55.8°

Manvoni 9"4000 5.70 34.~0

DodomaMet. 9615001 6.2° 35.'0

InnoaMet. 97'5013 7.60 3 'i.~'J

Lunonde 9914013 9.5 0 14.70

Ichenoe 99'4024 9.5° 34.'0

N;ombe Wattle 9914015 9.40 34.7"

,<;"noea 1003;010 10.7 ".6

Perammo 10035006 10.50 35.5"

Helvetia 9914O?7 9.60 15.7"

loen Ameul"'", 99140?9 9.70 35.6"

N" ombf6 bom::lni 9914001 9 ." 14.8".J

Chunva 983300? 8.5 0 33.4"

MhevaMet. 98'3001 8.90 33.';°

I.uiua 981502? 8.60 35.1"

Tfuni~ 9815019 ~.5" 1).4"

8.6"
.

35.1"MatuO'utu 981;034

Chivan'ee 9911016 . 9.4° 11.7"

Kilima 9815009 8.60 357"

"",la 0011mn a <"
11 '"

2.1.5 Teleconnection Indices

2.1.5.1 ENSO

El Nino is an extensive warming ofthe upper Ocean in the tropical eastern Pacific lasting up to three

seasons. The negative, or cool phase of El Nino is called La Nina. El Nino events are linked with a

change in atmospheric pressure known as the southern Oscillation (SO), (G1antz, et al., 1991). The

Southern Oscillation is characterised by a see-saw in atmospheric pressure between the western and

eastern regions of the Pacific Ocean, with one centre of action located south of Indonesia and the

other centre located near Tahiti. The SOl, which is an index that measures the magnitude ofSO is
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obtained by calculating the difference in atmospheric surface pressure anomalies betweenTahiti and

Darwin Australia. As the SO and El Nino are closely linked with each other, they are collectively

known as the El Nino - Southern Oscillatioll, or "ENSO". Anothermeasure ofthe magnitude ofEl

Nino events, is sea surface temperature averaged over a specific region ofthe Pacific Ocean, such

as the Nin03 region which extends from 1500 W to 900 W and SON to 50 S. The return period of El

Nino events is varied, ranging from two to seven years. The intensity and duration of the eventare

a1sovaried yetpredictable to some degree. Typically, it lasts anywhere from 14 to 22 months. ENSO

events are those in which both El Nino and Southern Oscillation occurtogether. ElNino oftenbegins

early in the year and peaks between the following November and January. ENSO evellts are known

to influence rainfall over the African continent (Ropelewski and Halpert, 1987; Ogallo, 1994). The

Nin03 SST index from 1965 to 1995 is used in this study.

2.1.5.2 Indonesia sea-level pressure anomalies

The Indonesia sealevel pressure anomaly index is the standardized sea level pressure overIndonesia.

This index has some ENSO characteristics and has been acquired from the NOM web site

(http://www.cdc.noaa.govD, from 1965 to 1995.

2.1.5.4 Quasi-biennial Oscillation Index (QBO)

The Quasi-biennial oscillation is a zonal stratospheric wind reversed over the tropics with an

oscillation periodof24-26 months. In this studyuse is made ofthe zonal wind index (m/s) at30 hPa

of Marquardt and Naujokat, (1997). The index is a concatenation ofvalues at Canton Island (3°S,

172°W) for January 1953- August 1967; GanlMaldives (loS, 173°EJforSeptemberl967- December

1975; and Singapore (1°, 104°E) from January 1976-February 1999. QBO index data from January

1965-December 1995 is used in this study to match with other data sets. Naujokat (1986) documents

the data, uncertainties in the early years due to lack ofdaily data, change in reference stations, and

the general features ofQBO.

2.2.0 Methodology

In order to study inter-annual rainfall variability over an area and at the same time to capture

mechanisms which cause the variability use is made ofindices whichhelp to define rainfall over such
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an area. There are many methods which can be used to create indices, among them is principal

component analysis which helps to extract coherent patterns in spatial data. Area averages are then

calculated for stations falling within these coherent patterns. In this way the number ofdata is reduced

and meso-scale features are filtered out. In order to understand the spectral characteristics of the

resulting time series a continuous wavelet analysis is done as described later. Composite analysis is

also used to study the thermodynamic and kinematic features associated with dry and wet scenarios

for various patterns ofrainfall and temperature. Statistical association is also analysed using Pearson's

product correlation. These methods are further described in the following section.

2.2.1 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a multivariate statistical technique having wide applications

in meteorology (Lyons, 1982; Yin, 1984; Basalirwa et aI., 1998). The method reduces the number

ofvariables whilst explaining variability within the original record (Jolliffe,1993). PCA is done when

the original data contains grid point variables that are spatially correlated, as is in the present study

for gridded rainfall and temperature data over Africa; and gridded SST, SLP, U and V wind over the

Atlantic and Indian Oceans. Application ofPCA thus reduces the original data to subsets ranked in

order ofimportance.

Principal components (PCs) or modes are produced via peA, each consisting ofan eigenvalue that

quantifies the variance, a set ofloadings (eigenvectors) that describe the spatial distribution(coherent

patterns) and a set oftime scores that define the evolution. The first PC is a linear function accounting

for the highest variance, i.e., the dominant pattern. The second PC is the linear function with the next

highest variance subject to being uncorrelated with the first PC. Subsequent PCs are all linear

functions ranked in order ofdecreasing variance which are not correlated with each other or with the

first and the second PCs (Jolliffe, 1990). When carrying out PCA the correlation matrix technique

was chosen to avoid the analysis being dominated by high variance. This approach enables a focus

on relative rather than absolute variability ofthe variables. The first nine rainfall PCs were retained

for further analysis as they explained a large amount of variance (see table) and these could be

interpreted easily. Varimax rotation was performed on the remaining nine PCs. Rotation is normally

used to simplify the structure of the eigenvectors and facilitate interpretation.
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Mathematical details of peA follows:

Consider having P variables, then the number ofparameters to be estimated shall be P- means, P ­

Variances, and [(pl - p)/2] Co-variances; that is a total of w- p)/2 + 2p parameters. The PCA

creates uncorrelated variables such that there remain about 2p parameters to estimate, i.e., p-means

and p-variances (there are no co-variances between the variables as they areuncorrelated) these could

be easy to estimate and interpret. So the relation of any single transformed element of the vector

variable to any external criterion variable is independent of relation of any other element to that

criterion, and canbe interpreted separately and unambiguously. WhenmeteorologicaIlclimatological

data is collected at different stations over a region, it turns out that the data are usually correlated.

If an uncorrelated vector variable is desired, the data need to be transformed. Consider a general

linear transformation vector variable z of the form

where V is a p x n coefficient matrix that carries the p-elements variable z into derived n-element

variabley.

The centroid or the mean ofy

my =: v'~ =: 0 because ~ =: 0,

and the dispersion ofy is

D =: v' Dv=: v' Rvy z

where R is the correlation matrix ofz (since the dispersion ofa standardized variable is a correlation

matrix). To reduce a transformation vector y (principal components) for which the elements are

uncorrelated, is the same as saying that a v vector becomes is a diagonal matrix Dy. That is, all off­

diagonal elements ofDy must be zero. There is an infinite number of values of v that will yield a

diagonal Dy for any given correlation matrix R.

The problem is to "find a unique V such that Dy is diagonal". The next restriction is to maximize the

variances ofthe leading elements ofy whose variances are maximized orprincipal components as they

are called by Hotelling (1933).

For the first principal component, which will be the firstelement ofy, and will be explained by the

coefficients in the first column ofy, and will be defined by the first coefficients in the first column of

V (denoted by VI)' a solution is required such that the variances ofYI will be maximized. The
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restriction will be such that the sum of squares of the coefficients in VI be unity, i.e.,

where

and

but 1 L N 7 1 L N (. )2- - = - vz.N i~] Yh N ,~] I I

= ~L (v;z,)(z;v])

, 1 "( ,) ,
= VI N L.J Z,Z, VI = vlRv1

wewanttomaximizev;Rv] subjectto v;v] = 1

Introducing the restriction on VI to the function to be maximized via the Lagrange multiplier AI' The

vector of partial derivatives is

o~]
-= 2Rvl - 21]v1Cv]

and setting equal to zero, dividing throughout by 2, and factoring gives

(R-l j I)v] =0 1

which is the problem of Eigen structure ofR.
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The partial differentiation results in a set of p homogeneous equations which can be written as:

v,(I- 2) + VZJ;2 + v3'iJ + ... + v/ip =0

V{21 + v
2
(1- ,.1,)+ v/i) + ... + vr, =0p .p

. V{JI + v 1!jz +v
2
(1- ,.1,)+ ... + vpr3p =0

v,rpl + v.,r., + v,rp' + ••• +vp(I-2)=0. p.

The above equation can also be written as matrices as follows:

(1-1i ) r lz r13 rip
Vii 0

'il (1- 2J r23 rzp V Zi 0

r31 rn (1- AJ r3p
v_ 0

JI

(1- A;) vpi
0

r pl rpz rpJ

Finally, in matrix notation this becomes equation 1

The characteristic equation ofR is a polynomial ofdegreep gotten by expanding the determinant of

IR - 1:1.1 = 0 ;........................................................... 2

and solving for the roots A. Specifically, the largest eigenvalue Al and its associated vector VI are

required. Letting AI be the largest root of the characteristic equation for R, we substitute it and its

vector in equation 1 which is expanded and then multiplied by v/on the left:

RVI - VIAl = 0

RVI =VIAl

vl'RvI = VI'VIAI = Al

Note: VI'VI = 1

So that Ais clearly the variance ofthe normalized linear component ofz that has maximum variance.

Next we want to find the normalized linear combination

Yz = vzz

which, out of all the components of uncorrelated with YI has maximum variance. The statistical

restriction ofuncorrelated ness ofy! andY2 is stated as
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1 N

-~ Y?-Yl = 0
N

L. _. ,
i=1

where

~LYz,Yli = ~L(V'ZZi)(V'\Z,)

= ~ L: (VZ'Z;}(z'iVJ

=vz' ~I (Z,z'i)vl

= vz' Rv\ = VZ'v\.{\
but this can be zero only if

, - 0v1 v\-

which states the requirement of geometric orthogonality of the eigenvectors.

Introducing a second Langrange multiplier A2 to get the orthogononality restriction into the calculus

problem, it is required to maximize

~z =v'z Rvz - Az{vz'-l)- V\l1Z' RVl

iJ~?
--- = 2Rv? - 21?Vz - 2v\Rv\IJv --z

and setting equal to zero, dividing out 2, and multiplying on the left by vJ' gives

vjRvZ- AzVl'VZ - v1v]· Rv] = 0

which reduces to

- v]v\' RVl = 0

showing that v) must equal zero and 1J and v2 must be the second root ofthe characteristic equation

2. This process may be continued to getp-l maximal variances 1
J

for components Y) = v)' Z

letting L be a diagonal matrix with 1j in the jth position on the diagonal, the full eigen structure ofR

is given by

where

and

RV= VL
V'V= VV'=]
V'RV= L= Dy

In peA we normally compute

RV= VL
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So that 1, is the maximum value the variance of a component of 2 can have, subject to the

normalization of the vector VI' Then ).2 is a maximum given lh and so on for the remaining

eigenvalues. Eachcomponenthas a maximum variance and ofall possible normalizedlinearfunetions

statistical uncorrelated and geometrically orthogonal to the ones preceding.

2.2.2.0 Key areas

2.2.2.1 Selection of key areas and creation of time series indices

The number of PC modes retained to study the annual cycle was two, with the seasonal cycle

removed to study inter-annual variability - three modes were retained. In each case, for all parameters,

the PCA was done frrst unrotated, then Varirnax rotated. The first and third rainfall PC modes, were

picked for further analysis; while the second PC mode was notpicked because it was loaded over the

Congo!Angola areas where data is knoWn to be unreliable. For SST, SLP data PC I to PC3, for both

un-rotated and rotated modes, were picked for further analysis. U wind PC 1-3 un-rotated loading

areas and PC I and PC 3 rotated were picked for analysis. The rotated zonal wind componentS PC

2 mode was not selected because the loading area was similar to that of PC 2 un-rotated mode.

Finally the rotated V wind PCl to PC3 modes were selected. Key areas were identified from PC

modes and time series were created by area averaging ofvalues withinmaximum spatialloadings from

January 1965 to December 1995. For convenience boxes were created to cover large loading values

instead ofusing the non-geometrical shapes ofthe loading areas. In cases where there are two areas,

then the averages from the two areas were.calculated and added orsubtracted, depending on the sign.

In this way time series were created with 372 data points for the target (rainfall and temperature) and

predictor (envirorunental parameters) key areas based on PCA.

2.2.2.2 Correlation coefficients between key areas and respective selected extracted PCs

Principal component analysis was performedon continental griddedrainfall and temperature data and

gridded SST, SLP, and U andV wind data with seasonal cycles and without seasonal cycles. Based

on these PCs, key areas were chosen for further analysis (see table 2.3). Correlation analysis was done

between the selected PCs and respective key area time series (Table 2.4). Key areas are considered

to be superior in operational applications - as they are easier to obtain and track over time, and also

they represent fixed-area anomalies that do not receive small contributions from outlying areas. In
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the following chapters mention will be mainly on key areas rather than PCs

Table 2.3: Description ofthe PCs for different parameters, their approximate loading areas and their

names. The first column gives the parameter name, while the second column provides the PC mode.
The third column gives the approximate location with large loading values and the fourth columnthe
name of the key area The key area name comprises the parameter name and the ocean basin. When
large loading areas are over the two oceans simultaneously, the key area name comprises the names
of the two oceans with a + or - sign.

Parameter PC Mode Key Areas (Lon, Lat) Key area name

SST PCI 600E-900E,IOON-IOOS + 500W_IOOW,200N-I OOS SST Ind+Atl

SST PCZ 60a W-20oW.lOQN-200N- - 30oW-O°,oo-30oS SST Atldipole

SST PC3 500W-O°,lOoN-IOoS - 400E-600E, 00_300S SST Ind-Atl

SST PCIR 500E-900E,oo-ZooN SST Ind

SST PCZR 300W-IooE, 100N-200S SST eastA'l

SST PC3R 400W-looW,30"N-10° SST northAtI

SLP PCI 400E-1000E,1 OON_I OOS + 500W-00,lOoN-ZOoS SLP Ind+AtI

SLP PCZ 600E-900E,I 00N_200S - 700W-lOoW,oo-300N SLPlnd-Atl

SLP PC3 700W-lOoW,looN-30"N - 300W-ooW,lOoS-300S SLP AtlDipole

SLP PCLR 30o W-Q°.oo-20QS SLP AtI

SLP PC2R 700E-1000E, 0°-30"N SLPlnd

SLP PC3R 400W-lOoW,IO"N-30"N SLP NwestAtl

UZONAL WIND PCI 600W-300W,10"N-ZooN + 400E-900E,200S-400S U Atl+lnd
--c-

UZONAL WIND PC2 700E-1000E,lOoN-lOoS Ulnd

UZONAL WIND PC3 400W_1 00W,IO°5-200S + 500E-800E,1 0°5-Z00S U Atl+lndZ

UZONAL WIND PCIR 600W-IooW,10"N-10"N U Atll

UZONAL WIND PC3R 400W_0°, lOoS-300S U Atl2

V MERIDIONAL PCIR 200W_lOoE,IO°5-400S V Atll

WIND

.. MERIDIONAL PC2R 400W-lOoW, ZooN_lOoS V Atl2

WIND
.

V MERIDIONAL PC3R 400E-700E, 200N-lOoS VInd
WIND

Where R stands for Rotated
Note: PCA spatial loading pattern are illustrated in chapter 4
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Rfn Rfn SST
.

SLP
PCI PC3 .

PCI PC2 PC3 PCIR PC2R PC3R PCI PC2 PC3 PC1R PC2R PC3R

Southern Africa
.

-
E. Africa 0.78

C/l Ind+AtJ -0.9C/l -..,
AllDipole 0.89

Ind-Atl 0.75

[nd 0.79 -0.7 .

e.stAt! 0.34

northAtl - -0.6 0.60
CIl Ind+At! -0.9r;;

[nd-At! -0.8

AtlDipole

eastAtl -0.5

ea.stlnd 0.79 -0.26
NweslAtl
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Table 2.4 Continued

Zonal Wind Meridional Wind

PCl PCZ PC3 PCIR PC3R PCIR PC'..R PC3R

Atl+!ndl 0.86

N !nd 0.8
0

"~ Atl+Ind2 -0.48'2s·
"- Atl! 0.94

Atl2 -0.81

2S:: Atll
('l

E.:o· Atl2 0.24::>
2- .

§. .

::> lnd -0.2
0.

2.2.3.0 Continuous Wavelet Analysis (CWT)
In studying spectral characteristics of geophysical data which is mainly non-stationary many

researchers use standard Fourier techniques that yield spectral coefficients that are averaged over the

entiremeasurementperiod Meyers and 0 'Brien (1994). Fourier methods do not produce information

on the time evolution ofa signal. Wavelet transform (WT) is an analysis tool which is appropriate to

the study ofmulti-scale, non-stationary processes occurring over finite spatial and temporal domains

Lau and Weng(1995). This analysis tool is becoming a commontool for analysing localized variations

ofpower within a time series. With the ability ofWT to resolve a time series within a time-frequency

space, one is able to determine dominant modes of variability and how those modes vary in time,

Torrence and Compo (1998). Wavelettransform, which was introduced by Morlet (1983) has found

wide application in a wide field ofsciences, like image processing, optics, turbulence etc. A number

ofgeophysical studies have used this technique and have produced some interesting results. In recent

yearswavelet analyses are becoming commoninto atmospheric and oceanographic literature (Kumar

and FoufouIa-Georgiou, 1993; Garnage andBlumen, 1993; Weng and Lau, 1994; Meyer and O'Brien,

1994; GuandPhilander, 1995; GoIlmer et aI., 1995; Wangand Wang,1996; Baliunas et aI., 1997 and

Kukarin, 2000). In this study wavelet analysis is used to decompose a number oftime series into time-
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frequency space. Time scores from rainfall and temperature, and environmental parameter key area

indices PCA are analysed to enable us determine the dominant modes of variability and how these

modes vary in time. The time-frequency space might provide a better picture in understanding the

frequency and amplitude modulation within the period ofmeasurement for a number ofparameters.

A brief introduction to the idea ofwavelet transform is presented below; a complete description of

geophysical applications can be found in Foufoula-Georgiou and Kumar (1995), while a theoretical

treatment of WT is covered in Daubechies (1992)

2.23.1 Wavelet Transform Technique (Adopted from Melice, pers corn., 2000)
The WT is a mathematical tool which allows the decomposition of the signal x(t) in terms of

elementary contributimls called wavelets. These wavelets are obtained from a single function IfJ by

translations and dilations:

IfJb.a(t)=~IfJ(t:b) 3

where a (>0) is the dilation (scale) parameter and b is the translation (position) parameter; both are

real variables. As the CWT will be used to filter the data, here the normalisation 11a is chosen instead

ofthe usual1/..{;; (Delprat et al., 1992). The CWT ofthe signal x(t)with the analysing wavelet IfJ is

the convolution ofx(t) with a set ofdilated and translated wavelets:

1 (t-b) .~(b,a)=-[x(t)lfJ· - dt 4
a -'" a .

where* denotes the complex conjugate. The wave is transformed and defined as continuous since

a and b may be varied continuously Meyers and O'Brien, (1994). The CWT expands the time series

x(t) into a two dimensional parameter space (b, a) and yields a measure of the relative amplitude of

local activity (over an interval proportional to a) at scale a and b. The scale parameter a in Wib,a)

corresponds to wavelength or period ifthe data is spatial or temporal respectively. The choice ofthe

wavelet rp depends on the signal to be analysed. In this study a wavelet that is well localized in the

frequency space such as the Modet continuous complex wavelet (Modet, 1983) is selected. 1bis
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wavelet is defined by:

(t) - -1/4 -1'/2 illlo'rp -7[ e e . 5

where i :=~ and IlJ0 = 5.4 is chosen large enough to ensure that rp satisfies the admissibility

condition:

[rp(t)dt = 0 6

is satisfied. For the Morlet wavelet, it makes sense to identify the inverse of the scale to a frequency.

The relation between the scale a and the usual frequencyfis given by (Meyers et al., 1993):

The Morletwavelet can in fact be interpreted as a bandpass linear filter ofweight l/a centred around

IlJ := IlJ 0 la. Finally, the CWT with theMorletwavelet is a time-frequency analysiswhere the dilation

parameter corresponds to the wavelength or period and the translation parameter corresponds to

position or time. Note also that, as the Morlet wavelet is complex, the wavelet transfonn coefficient

»:,(b,a) is also complex and may be expressed in tenns ofreal and imaginary parts, modulus and

phase. Generallyspeaking, the CWT is infinitelyredundant: the I-D original signal being transfonned

into a 2-D time-frequency image. Nevertheless, the fundamental infonnation can be extracted from

the so-called ridges of the CWT. These ridges are made of the points in the time-frequency

representation for which the frequency of the dilated-translated wavelet coincides with the local

frequency ofthe sigoal. More precisely, the ridges are the sets ofcouples (b, a) for which the relation:

O~b.a =' llJo
.......- .

ob a
8

is satisfied and where fA.a is the phase of »:,(b,a) and llJola is the frequency of the dilated
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wavelet. Equation (2) expands a one-dimension time series into the two-dimension parameter space

(b, a) and yields a measure of relative amplitude oflocal activity over an interval proportional to a)

at scale a and time b; which contrast the Fourier transform which yields an average amplitude over

the entire data set. For equation (2) the inverse transform (Wavelet synthesis) reconstructsffrom

-HO'"

f(t) = C;1 JJa-zw,,(b,a)~ab(t)dbda 9
+I)...."

were C
g

is the integral of II~r aJ -lover all frequencies. The A indicates FourierTransform, Meyerand

O'Brien, (1994). Altering the limits of integration for a or imposing cutoffs in the value of

W(b, a) filter! Using this technique filtering ofvarious time series is done in the following chapters.

2.23.2Cross-wavelet spectrum

The relationship between two time series can be investigated in the time-frequency domain by

computing their cross-wavelet spectrum. For two time series x(t) and y(t), with wavelet transforms

W. and Wy , one can defIDe the cross-wavelet spectrum as

Wxy (b, a) = w,,(b,a)W;:(b,a)...................... 10

where W.(b, a) and Wy(b,a) are the CWT ofx(t) andy(t) respectively and where * denotes the complex
.\

conjugate. The complex cross-wavelet coefficient W.ry{b,q) may be expressed in terms ofreal and

imaginary parts, modulus and phase difference. Let us ~call that if XI = a le
iO

• is a complex number

with a modulus a/ and a phase 81 and if x, =azeifJ., is a complex number with a modulus a2 and a

phase 8z then: xIXZ• = QIQZei(O,-o,) . Where phase is independent ofamplitude. Estimation ofthe

instantaneous time delay between two time series is also possible by integration of the cross-wave

spectrum.

In chapter two data to be used in the study and its source was discussed. Also briefdiscussion was
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done on the quality control procedures performed on the data. The main methods to be used in

studying the mechanisms of inter-annual variability of the tropical highlands of Africa have been

discussed. Short discussion on the methods to be used shall be made further in sectious when

required. The climatology of tropical Africa is discussed in chapter three. Spatial and temporal

variabilityofannual cyclesofrainfall and temperature over the continent, and sea surface temperature,

sealevel pressure, zonaIand meridional windcomponents are discussedusingthe continuouswavelet

transform technique.
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CHAPTER 3

3,0 The climatology and annual cycle of Climates over sub-Saharan Mrica

3.1 Introduction

In this chapter the NCEP re-analysis, COADS and CRU gridded data sets are explored to

establish a rainfall and temperature climatology over Africa south of looN. The kinematic and

thermodynamic climatology, in the 700 W to 1100 E, 300 N to 600 S, is explained using NCEP re­

analysis data. In order that subsequent results have meaningful interpretations, the climatology

described byNCEP and CRU data should compare well with results obtained by other researchers

using other data sets. The mean patterns are based on 31 years (1965-1995) of monthly

climatological data. The discussion will mainly focus on the southern Africa rainy period

(November to April). Some of the researchers who have described the mean pattern of

climatologicalparameters over southernAfricaare Preston-Whyte and Tyson (1988); Theronand

Harrison(1989); Pathak (1993); Rocha (1992); Kabanda (1995) and Mulenga (1997). The main

characteristics are the mean position of the ITCl, the monsoon flow over Africa and the

subtropical highpressure systems. Further analysis shall be performed to study the annual spatial

and teinporal patterns ofrainfall and temperature over Africa south of looN, and SST, SLP, and

U and V wind over the Atlantic and Indian Oceans. PCAshall be performed to extract the annual

cycle fromrespective variables. Wavelet transformis used to evaluate and filter the annual cycles.

Descriptions given below are supported with figures, but some of them are not shown.

3.2.0 The climatology of parameters (1965-1995)

3.2.1 Rainfall climatology

The seasonal rainfall climatology over Africa responds to the apparent north-south movement of

the overhead sun. In the NDJ (November-December-January) season fig. 3.1 (a) high rainfall

values are shownover the Congo basin, Gabonand over Mozambique. The desert area over south

west Africa exhibits relatively low rainfall values. During the FMA rainy season fig.3.1 (b) high

rainfall values are revealed over the Congo basin, southern Tanzania and Mozambique.

Relatively high rainfallvalues are also indicated over Sudan and Ethiopia during the FMA season.

A study ofNovember-April rainfall average overTanzania, done byNyenzi et aI., (1997) revealed
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a similar pattern ofheavy rainfall in March and April over the southern highlands ofTanzimia

3.2.2 OLR (Outgoing Longwave Radiation)

The Outgoing Longwave Radiation (OLR) climatologypattern is analysed for NDJ (November­

December-January) andFMA (February-March-April). OLRinfers areas ofdeep convection and

indicate the position ofthe ITCZ. OLR measures the amount of radiation reaching the satellite,

in W m-z• In warm tropical areas, low values ofOLRcorrespond to large amounts ofhigh, cold

clouds while high values ofOLR correspond to relatively clear areas or cloudy areas with low

warm clouds. It should be noted however, that the extra-tropics OLR values typically decrease

with decreasing temperatures.

The OLR mean November-April patterns show the progressive movements ofconvective areas

from north to south as revealed by the rainfall climatology discussed above. Desert areas (the

Kalahari and the Sahara) are well depicted. The ITCZ over west Africa is confined north of40

North, probably due to the relatively cold Atlantic sea surface i~ the Gulf of Guinea. The OLR

pattern over east Africa requires some mention. In November deep convection (ITCZ) can be

traced over the Indian Ocean and the Congo Basin. A clearly defined convective zone can be

traced from December to March in the Zambezi valley south ofTanzania over the eastern Africa

coast. Over the southern hemisphere, the semipermanent southern subtropical high pressure

systems are well indicated by relatively high OLR values over the southern Atlantic and Indian

Oceans.

3.23.0 Wind flow pattern climatology

3.23.1 850 bPa level

In the presence ofmoisture, low-level wind convergence may result in the development ofclouds

and hence precipitation. We have used the 850 hPa level to represent a low-level flowpattem; this

will reduce the effect of high ground over some areas fig. 3.2. In November there is a

northeasterly and southeasterly wind convergence offthe coast ofEast Africa. Weak winds and

cyclogenic curvature over the Congo basin are observed in November; this flow supports the

existence of strong convective activity over the Congo basin. In December the northeasterly

monsoon penetrates further south thus converging with southeasterlies north of Madagascar.
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Wind convergence at this time can be observed over central Mozambique, and in the great lake

region. In January and February northeasterlies recurving to southwesterlies, resulting in diffluent

flow, seem to have firmly established over the East Africa. Two cyclonic centres, one over

northern Namibia and another over the Mozambique channel, are well established during these

two months, which seem to 'hold' the ITCZ in the south. In March the two lowpressure centres

in the south start filling up and the flow reverses. Over eastern Africa the wind assumes a more

easterly flow and the ITCZ shifts northwards. By April the southeasterly flow dominates the

whole of east African Coast. The whole of central Africa is swept by a southwesterly flow.

3.23.2 200 hPa Level

Diffluent flow over the Congo basin and someparts ofeast Africa is induced by the simultaneous

presence oftwo anticyclonic circulation systems, north and south ofthe equator, at about 20°£.

By December the ridge in the south retreats southwards and the anticyclone in the north weakens

into a ridge. The flow pattern becomes cross-equatorial with the divergence a."is oriented in the

northwest-southeast. This is the a'<is where deep convection or high rainfall amounts are observed

in the December rainfall pattern over southern Africa. The cross-equatorial flow strengthens in

January and February. In March the cross-equatorial flow weakens and the southern SUbtropical

high moves slightly northeastwards. In April the southern subtropic ridge line moves further north

to about 2.5°S.The position ofthis ridge line together with the northern hemisphere ridge line

establishes a diffluent flow pattern farthernorth, at this level, thus supporting vertical motion in

the northern hemisphere.

3.2.4 Mean Sea Level Pressure (SLP)

Salient features on the Mean SLP patterns, from November to April, are the semi-permanent

subtropical high pressure systems, the Saint Helena and Mascarene in the south and the Azores

high in the north. Another important feature is the high pressure system over Asian from

November to March, which reverts to a low pressure system from March to April. Over the

Indian Ocean a low pressure system, with a trough axis from the coast ofeast Africa to Indonesia

along about 0° latitude in November, moves southward to about 15°S in February. Pressure falls,

over the southern Africa subcontinent, is observed from November to February whereaspressure

build up are observed from March to April as the low pressure system start shifting northwards.
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33.0 The annual cycles of parameters

The apparent north-south movement ofthe sun controls the atmospheric general circulation and

therefore rainfall and temperature. The annual cycle ofrainfall and temperature over Africa is a

direct result of this. However, the ocean, atmosphere and other external systems operate at

different spatial and temporal scales. The interaction ofthese systems at different spatial and time

scales results in year to year variation ofthe climate system. These fluctuations on the other hand

cause the year to year variation of annual.cycles in rainfall, temperature, etc. over the African

continent and elsewhere. Tn this section the spatial and temporal variability of a number of

parameters, which includes rainfall, temperature, SST, SLP and, U and V winds are studied. PCA

is performed on the data without removing the respective long-term means whicb represent the

average of the annual variability for different parameters within the tropics. PCs for rainfall,

temperature and environmental parameters which exhibit large amplitudes at twelve month

periods are discussed below.

33.1 Annual spatial and temporal patterns of rainfall over Afriea

The first three PCs ofrainfall with annual cycles contribute about 64% ofthe variance. Table 3.1

shows the PC modes (bothun-rotated and rotated), the variances they explain, and spatial loading

region figs. 3.3 (a-c) for un-rotated PC1·PC3 modes. The three modes show coherent features

over Africa, south of lOON. The fust PC mode, ...vith the highest variance contribution of47%,

contains the main annual cycles. Positive loadings are to the north and the ell:treme southemmost

cape ofthe African continent and negative loadings oversouthern Africa Positive loadingregions

have wet conditions when time scores amplitudes are positive and those with negative loadings

have dry conditions. The time score amplitude pea-les for this mode occur around August. This

mode represents the annual cycles with wet boreal (northern) summer and dry Austral (southern)

winter. The second PC mode fig. 3.3 Cb) is positively loaded in equatorial Africa. This PC has the

second highest variance of about 12%. The time score amplitudes show that equatorial regions

experience bimodal rainy conditions from Octoherto April with a shortperiod ofreduced rainfall

in January-February. May to September is a period with relatively less rainfalL The bimodal

rainfall distribution could he a response to the passage ofthe overhead sun. The third PC mode

fig. 3.3 (c) which explains about 5% ofthe variance is positively loaded over south Africa (after

rotation). The time score plot reveals that this PC mode is also bimodal with the first maximum
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in August andthe second peak in January. The wavelet transform ofrainfall PC I time scores figs.

3.3 (d-g) indicate that the major period of oscillation over the respective loading areas is 12

months. PC2 time scores plot however, reveal that there is a second period ofsix months having

high amplitude. Six month oscillations also exist in the first PC1 mode. PC1 time scores plot

reveals amplitude modulation. High amplitudes are shown to occur between 1972 and 1978 fig

3.3 (g)

Table3.1: Approximate locations and variance explained inpercentage for rainfall PC 1-3 modes

(unrotated and rotated) with annual cycles.

PC MODE VARIANCE (%) Approximate Central Position (Lon, Lat)

PCl 47.6 (200 E, 8°N), (25°E, 15°S)

PC2 11.8 (25°E,200S & 15°E, lOON)

PC3 4.6 (200 E, 2°S & 24°E, 32°S), (36°E,6°S)

PCIR 47.6 (200 E, lOON)

PC2R 11.8 (200 E,2°S)

PC3R 4.6 (22°E,35°S)

R stands for rotated

3.3.2 Annual spatial and temporal patterns of temperature over Africa

The first three PCs contribute about 85% variance oftemperature over Africa, south of looN.

The first PC mode which is negatively loaded in the north explains about5~%ofthe variance fig.

3.4 (a). The amplitudes ofthe time score plot indicate maximum values in June (in the north) and

small peaks around October. Minimum values are indicated over southern Africa. The second PC

mode is positively loaded south of lOOS and negatively loaded north of lOoS and explains about

23% of t.!}e total variance. The positively loaded areas, i.e. the south, are hotter in January­

December and colder in May-June. The third PC mode which explains 6.7% ofthe variance is

positively loaded over the Congo Basin fig. 3.4 (c). The time score's plot indicates the lower

temperatures are indicated in Marchwhile high temperatures are indicated in June and September­

October. Spectral amplitudes with periods of twelve and six months are revealed by CWT in all

three PC time scores exceptthe third PC which has small amplitudes with six month oscillations.
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The amplitudes of the PCl time scores, fig. 3.4 (d-g) do not show much modulation which

indicates that the annual variations of temperatures over the domain have remained quasi-

stationary during the 1965-1995 period.

Table 3.2: Approximate locations and variance explained in percentage for temperature PC 1-3

modes (un-rotated and rotated) with annual cycles.

PC MODE VARIANCE (%) Approximate Central Position (Lon, Lat)

PCI 54.8 (400 E, looN)

PC2 23.2 (200 E, 25°S), (200 E, looN)

PC3 6.7 .(25°E,8°S) I·

PClR 54.8 (400 E, looN)

PC2R 23.2 (200 E, looN)

PC3R 6.7 (25°E,8°S)

R stands for rotated

3.33 Annual spatial and temporal patterns of SST field over' the Atlantic and Indian

Oceans

The first two PC modes of SST over the Indian and Atlantic oceans (with annual cycles not

removed), explain about 83% of the variance. The first PC mode of SST over the two oceans

indicates that positive loadings are in the north andnegative loadings in the south fig. 3.5 (a). This

PC mode represents the annual SST northern winter signal, with lower SST inaround March and

higher SST around the August. PC1 time scores plot in fig. 3.5 (t) reveals large variability in

annual time scale with little amplitude modulation and small variability in the six month

oscillations fig 3.5 (d). The second PC mode ofSST, loaded over the Atlantic and Indian Oceans,

explains 14% ofthe total variance. The PC mode is negatively loaded in the equatorial Atlantic

and northern Indian Oceans with small positive loadings in the south ofthe two oceans. The time

score amplitudes of this second PC mode reveal a bimodal temporal pattern. Large peaks are

shown in February and small peaks in August with lowvalues occurring in June and October. This

is in response to the apparent north-south movement ofthe overhead sun. The CWT ofPC2 for

SST shows a bimodal temporal pattern. Small amplitudes are indicated between 1977 and 1979.
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Table 3.3: Approximate locations and variance explained in percentage for sea surface

temperature PC 1-3 modes (un-rotated and rotated) with annual cycles.

PC MODE VARlAJ.'ICE (%) Approximate Central Position (Lon, Lat)

PCI 68.9 (0, 300S and 600E,300S)

PC2 14.2 (300 W, 2°S and 60°, 4°N)

PC1R 68.9 (35°W, 400S)

PC2R 14.2 (600 E, lOON)

R - Stands for rotated

3.3.4 Annual spatial and temporal patterns of SLP field over the Atlantic and Indian

Oceans

The first two PCs of SLP over the Indian and Atlantic Oceans (with annual cycle) contribute

about 58% percent variance ofpressure variability over the Indian and Atlantic Oceans figs. 3.6

(a-b). The first PC of SLP explains 45.6 percent of the total variance. This PC represents the

annual SLP signal over the two oceans with higher pressures in July, in the south, and low

pressures in the north. The second PC, which explains about 12.7% ofthe variance, is positively

loaded over the equatorial Indian Ocean and negatively loaded over the Atlantic Ocean northeast

of south America with smaller positive loadings over the southern Atlantic Ocean. Plots of the

time scores for SLP PC1 reveal that this PC has mainly annual cycles signals. PC2 of sea level

pressure time scores show bimodal temporal patterns with high spectral amplitudes in the 12­

monthperiod andrelatively small amplitudes in the 6-month period. Some amplitude modulation

is revealed in the 12-month oscillation for the two PCs. PC2 has high amplitudes between 1972

and 1978, and between 1988 and 1992.
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Table 3.4: Approximate locations and variance explained in percentages for sea level pressure

PC 1-3 modes (un-rotated and rotated) with annual cycles.

PC MODE VARlANCE (%) Approximate Central Position (Lon, Lat)

PCl 45.6 (looE, 22°S and 400E, 22°S), (600E, 18°N)

PC2 12.7 (900E, lOOS), (SOOW, 18°N)

PCIR 45.6 (600E, lOOS)
.

PC2R 12.7 (700W, lOON)

R - Stands for rotated

3.3.5 Annual spatial and temporal patterns ofzonal wind field over the Atlantic and Indian

Oceans

The fIrst two PC modes ofzonal wind ",ith annual cycles explain about41% ofthe total variance.

PCI mode shows a positive loading betWeen lOOS and 22°S. To the south and north of this

latitude band negative loadings are indicated fig 3.7 (a). The amplitudes of the time scores for

PC1 indicate that this PC has annual cycles' signals for the zonal wind component. An increase

in easterly anomaly flow is indicated, betweenl OOS and 22°S, in July and an increase ofwesterly

anomaly flow north and south of this latitude band. This is normally the time of the southerly

monsoons over the west Indian Ocean and the Gulf of Guinea during the boreal summer. The

second PC mode which explains about 7% ofthe variance is negatively loaded over the Gulf of

Guinea and Atlantic Ocean to the north ofsouth America. The amplitudes of the time scores

suggest that this PC mode is bimodal with twopeaks; smaller peaks occurring in May and larger

peaks occurring in October. The continuous wavelet transfonn shows that the first PC mode of

the zonal wind component is uni-modal fig. 3.7 (c, f) while the second PC mode is bimodal. In

addition to having a l2-month oscillation the second PC mode shows a six-month oscillation.

Amplitudemodulation is indicated in both PC modes reflecting the variability ofthe annual cycles

in both amplitude. and time.
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Table 3.5: Approximate locations and variance explained in percentage for zonal wind PC 1-3

modes (un-rotated and rotated) with annual cycles.

PC MODE VARIANCE(%) Approximate Central Position (Lon, Lat)

PCl 33.8 (18°S ridge line - Indian and Atlantic Oceans)

PC2 6.9 (0, lOoS & 600 W, lOON)

PClR 33.8 (200 W, lOON & 700 E,15°N)

PC2R 6.9 (600 W, lOON) .

R - Stands for rotated

33.6 Annual spatial and temporal patterns of meridional wind field over the Atlantic and

Atlantic Oceans

The fITst two PC modes ofmeridional wind components over the Atlantic and Indian Oceans, with

annual cycles, explain about 44% of the variance. About 34 percent of this is contributed by

annual cycles dominated by the monsoon wind circulation over the west Indian Ocean and the

Gulf of Guinea figs. 3.8 (a, b). The amplitudes ofthe time scores plot for the first PC indicates

that the northerly wind component occurs in January-February ofeach year, while the southerly

wind component occurs in July. The second PC mode ofthe meridional wind is positively loaded

over the Atlantic Ocean north of south America with the loadings extending to south Atlantic

Ocean. In the south the negative-positive-wavy pattern indicates the position of the southern

anticyclones fig. 3.8 (b). The amplitudes of the time score plot for PC2 suggest that maximum

positive meridional components are attained in October and negative meridional components in

February. The plot reveals second smaller peaks around May and low values in July. The first

mode ofthe meridional wind characterises the annual cycle fig. 3.8 (e-f). The CWT analysis shows

that the second PC mode ofthe meridional wind has two oscillation periods, i.e. 6- and l2-month.
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Table 3.6: Approximate locations and variance explained in percentage for meridional wind

components PC 1-3 modes (un-rotated and rotated) with annual cycles.··

PC MODE VARlANCE (%) Approximate Central Position (Lon, Lat)

PCI 35.5 (200 W,0; 500 E,0, & 900 E,0)

PC2 8.4 (400 W,I O"N), (500 E,300 S)

PC1R 35.5 (600 E,15W)

PC2R 8.4 (400 W,1O"N)

R - stands for rotated

3.4 Summary

The analysis in this chapterhas mainlyfocussed on three issues. The first was to find the adequacy

of gridded rainfall, temperature and marine data in the study ofclimate variability atthe inter­

annual time scale. The secondary issue was the mean patterns for which one could compare with

subsequent results in this study. Finally, interest was focussed in understanding the main spatial

and temporal characteristics ofthe annual cycle over the African continent and over the Atlantic

and Indian Oceans from 1965 to 1995. Comparisons between gridded CRU nfuIfall data and

station data were promising and that CRU data can be used in climatological studies.

Comparing the partial correlations ofthe field variables with terrestrial rainfall and temperature

shows that the V PC1 is most closely related to the annual cycle ofrainfall PCl. Although inter­

annual variability is the focus ofresearch here, it is important to place it within the context ofthe

annual cycle whichrepresents 50% ofthevariance vs 10% for inter-annual fluctuations according

to PCA. For example, years with high annual cycles have been corresponding with high inter­

annual rainfall amplitudes. Continuous wavelet analysis ofthe major temporal patterns overthe

African continent andthe Atlantic and Indian Ocean, extracted by PCA, have revealed interesting

results. Most ofthe patterns with loading away from the equatorial belt revealed high amplitudes

at 12 month period which reflects movement ofthe sun. Loading patterns 'Within the equatorial

band displayed high amplitudes at two periods one at 12 months and another one at 6 months;

these are the areas where the sun crosses twice in a year. Results in this chapter have shown

amplitude modulation ofannual cycles from year to year.
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In the neA'! cbapterthe analysis concentrates onmajorspatial and temporal patterns at inter-annual

time scale. The data is filtered by removing oscillation periods below 1.5 years using the

continuous wavelet transform.
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(a) 850 hPa wind seasonal mean flow pattern for NDJ (1965-1995)
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(d) Temp. PC1 (With Ann. Cye) (e) Temp. PC1 (Six Month Cye)
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CHAPTER 4

4.0 INTER-ANNUAL SPATIAL AND TEMPORAL VARIABILITY

4.1 Introduction

In this chapter the inter-annual spatial and temporal variability of rainfall and temperature, arid

environmental fieldparameters (SST, SLP, U andV wind component) are identified and documented

using Principal Component Analysis (PCA) and Continuous Wavelet Transform (CWT). PCA is a

methodwhich can effective1ylinkthe spatial and temporal patterns ofadata field (Legler, 1983). The

technique partitions the temporal variance of the data into orthogonal spatial patterns called

eigenvectors. The eigenveetors are then ranked in decreasing order according to the percent of

variance they account for and each respective eigenvector is associated with a series ofcoefficients

in time that modulate it. Coherent patterns are assigned to particular eigenvectors that account for

a large fraction ofthe variance. The method also helps in reducing the number ofvariables to handle.

Many studies have used this method in revealing coherent rainfall patterns in Africa, (Mason, 1992;

Mulenga, 1998).

In this study continuous monthly gridded rainfall and temperature data are used as described in

chapter 2. The rainfall and temperature data span the period 1965 to 1995. The period has been

chosen to correspond with other data sets selected to minimise missing data: Firstly, PCA was

performed on continuous monthly data with annual cycles (chapter 3) and secondly, on continuous

monthly data"with the annual cycles removed using a NAG subroutine (NAG, 1996). Thefust 3

.principal components were retained and then rotated using Varimax. Cut offpoint for PC modes to .

retain was decided by using the Scree test. The domain of analysis is 10oN-34°S, 12°W - 44°E or

continental Africa south of the Sahara desert excluding Madagascar.

Wavelet analysis was applied to key area time series to reveal instantaneous amplitude variations at

different :frequencies throughout the entire time series as described in chapter 2. By decomposing a

time series into time-frequency space, it is possible to detennine both the dominant modes of

variability and how those modes vary with time. The continuous wavelet transform gives a two

Dimensional frequency representation ofa time series, and can also be used to filter the time series
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to the required time scales. Here the CWT is used to remove oscillations with periods less than 1.5

years, to remain with estimates ofinter-annual variability. Annual cycles are also plotted to reveal

amplitude modulations with time.

The selection ofpes, as given in table 2.3, is based on a number ofreasons. The rainfall PC I and PC3

were selected because ofthe stated intention to understand inter-annual rainfall variability over the

highlands ofAfrica PC2 on the otherhand was not selected because this mode is loaded overan area

with poor data quality. Additionally PC2 and PC3 oftemperature are explored. The focus will be on

inter-annual time scales when discussing the CWT results of rainfall, temperature and

oceanic/atmospheric parameters. This is importantbecause these are the immediate moisture sources

for the African continent and perhaps greatly influence the rainfall climatology of the tropical

highlands ofAfrica. PCA and CWT were applied to gridded COADs data (SST, SLP, U and V wind)

over the Atlantic and Indian Oceans in the domain 20oN-400S, 70oW-IOooE. Similarly PCA was

perfonned on monthly data with annual cycles (chapter 3) and with annual cycles removed (chapter

4). Potential predictors are extracted frOll! PCI to PC3 patterns in the environmental fields.

4.2.0 Inter-annual spatial and temporal variability of rainfall and temperature over Africa

4.2.1.0 Rainfall PCs

In the following section we shall describe un-rotated and rotated PCs derived from continuous

monthly datawith annual cycles removed. About 22% ofthe variance is contributed by the first three

PC modes. However, the main focus of discussion will be PCI and PC3. FC2 is not discussed

because ofdataproblems over the Democratic Republic ofthe Congo andAngola, where it is loaded..

The table below shows the PC modes and variances they explain. Their spatial patterns are giv.en in

fig. 4.1.

Table 4.1: Rainfall PC modes

Mode Variance (%) Approximate Location (Longitude/latitude)

PCI 9.4 22°S, 25°E southern Africa

PC3 7.2 2°N, 38°E east Africa

pcm 9.4 25°3, 25°E southern Africa

PC3R 7.2 5°N, 400 E east Africa

R - Stands for rotated
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4.2.1.1 The southern Africa rainfall mode (pCI-Variance 9.4%)

The fin;t PC mode of inter-annual rainfall over Africa explains 9.4% of the variance. Fig. 4.1 (a)

show the rainfall PC1 mode with negative loading over southern Africa centred at (22°S, 25°E). The

rotated PCl mode is shown in fig 4.1 (b) with loadings over the same area. A small positive loading

is found over northern Mozambique and Malawi. Fig. 4.1 (g-i) shows the temporal inter-annual

variability for PCl rainfall mode. The standardized inter-annual southern Africa rainfall time series

plot reveals that the southern Africa region is characterised by year to year rainfall variation

throughout the 1965-1995 period except the period 1980-1987 when relatively drier conditions were

experienced. High rainfall variability ishowever, revealed in the70·s. Annual cycles ofsouthern Africa

rainfall are shown to be modulated. High amplitudes are indicated between 1973 and 1977 and low

amplitudes between 1979 and 1985, fig. 4.1 (h). 79 percent of rainfall variability, in the region

covered by PCl mOde, is contributed by the annual variability and about 8% is a contribution from

the inter-annual variability. Thewavelet transform ofthe southefIlAfricakeyarearainfall time series

shows that rainfall over southern Africa oscillates with dominant periods of2-4 and 8-1.2 years, figs.

4.1 (i). Relatively stroog spectral power is indicated between 1973 and 1977 with oscillation period

of1.5-3 years indicating a strong QBO signal. The oscillation at about 2-year period in the early 70's

modulates to a 2-4 year period in the 80's.

4.2.1.2 The east Africa rainfall mode (pC3 -Variance 7.5%)

The third PC mode (un-rotated and rotated) for the rainfall with annual cycles removed explain 7.5%

ofthe variance. Large positive loadings for this PC are found over northeastern Africa, fig 4.1 (e, f).

Maximum positive values are centred at about 2°N, 38°E and small negative and positive values are

revealed elsewhereparticularlyoverAngolaforthe un-rotated PC mode. The inter-annual time series

plot, fig. 4.1 (k) indicate that the east African region had relatively low rainfall between 1970 and

1976 and between 1984 and 1991. The annual cycle contributes about 19% ofthe east Africarainfall

and 12% is a contribution fromthe inter-annual time scale. The time series plot, fig. 4.1 (l), shows

high rainfall variability in the region between 1973 and 1984. Fig.4.1 (m) reveals that amplitudes of

the annual cycles are modulated with low amplitudes between 1971 and 1974 and between 1984 and

1986. The wavelet transform plot, reveals relatively high spectral power with oscillations period
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between 2 and 4-years fig. 4.1 (m); with large spectral amplitudes between 1965 and 1971, between

1982 and 1994, and between 1990 and 1995.

4.2.2.0 Temperature pes

PCA was also done for monthly temperature over Africa south of 10°, from 1965 to 1995, with

seasonal cycles removed. The leading 3 PC modes were retained and rotated fig 4.2 However, only

the frrst three PC modes (rotated) are discussed. The variance explained by each mode and the

location ofhigh values are tabulated in table 4.2.

Table 4.2: Temperature PC modes

Mode Variance (%) Approximate Location (Lon.fLat.)

PCl 30.2 6°S-200S, 200 E-32°E Zambezi and Congo

PC2 10 16°S-28°S, 22°E-34°E Zimbabwe

PC3 6.8 6°N-12Q S, 300 E-42QE east Africa

The total variance accounted by the :first 3 PCs is 60%. The individual PCs exceptPCl are discussed

below.

4.2.2.1 The Southern Mrica temperature mode (pC2 - variance 10.6%)

The second PC mode, which explains 10.6% variance for the monthly temperature data without the

seasonal cycle, is loaded over southemAfrica with its center at 31 oS, 22Q E figs. 4.2 (a, b). The time

series o6tained by area averaging oftemperature in the box shown in fig 4.2 (h) is plotted and reveals

that there is relatively large inter-annual temperature variability over southern Africa fig. 4.2 (e-g).

High temperatures are shown to have occurred in 1976 and lower temperatures in 1973. Relatively

lowtemperatures are revealed between 1976 and 1995.Large spectralpower with oscillationsperiod

between 2 and 4 years is revealed. However, relativelyhigh arnplitudes are revealed in the years 1965­

1975 and 1985-1993.
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4.2.2.2 The east Africa temperature mode (pC3 - variance 6.8%)

Centered at 22°S, 22°E, is the third PC mode figs. 4.2 (c, d), which explains 6.8% variance of

monthly temperature data without annual cycles. Negative values cover almost the whole southern

Africaexcept the extreme southwestern tip ofthe Continent. Amplitudes ofthe time series plot shows

high temperature variability figs. 4.2 (i-k). The time series is obtained by area averaging of

temperatures in the box in fig 4.2 (I). The positive loading over the southwestern tip ofthe continent

could be associated with westerly frontal wave intrusions in the southern hemisphere. High month to

month temperature variability could be attributed to the influence of westerly waves. The wavelet

transform ofthe key area time series in the box in fig 4.2 (I) reveals variability ofspectral power with

a period of2 to 4 years. Relatively high spectral power is indicated between 1975 and 1994; Short

period variability contains more spectral power for this mode.

4.3.0 Inter-annual spatial and temporal variability of environmental field parameters

4.3.1.0 Sea Surface Temperature PCA

Coherent patterns were found in monthlySST over the Atlantic andIndian Ocean. The location and

variance explained by each mode are tabulated in table 4.3. The time series used in the analysis are

created by calculating the box area averages in the PC loading regions (key areas). Time series plots

for PCI only are illustrated. Plots for other PCs were also done and some ofthem are shown in the

appendix..

Table 4.3: Sea Surface Temperature PC modes

Mode Variance (%) Approximate Location (LonJLat.)

PCI 16.7 0°,300W and 0°,800E (Atlantic + Indian) SSTAt! + Ind

PC2 8.8 15°N,38°Wand - 200S,100W SST AtIDipole

PC3 6.3 100S,500E and -looN, 200W (Ind - At!) SST Ind-At!

PCIR 16.7 21°N, 61 °E Arabian Sea SST Ind

PC2R 8.8 2°S, 100W Equatorial Atlantic Ocean SST eastAt!

PC3R 6.3 300N, 200W SST northAtl



4-6

43.1.1 SST PC1 mode (Variance 16.7%)

The .flTSt PC modereveals loadings over the Atlantic and Indian Oceans fig. 4.3 (a, b). The un-rotated

PCl mode show relatively large negative loadings centered at 0°, 300W over the Atlantic Ocean and

0°, 800E over the Indian Ocean fig 4.3 (a). The rotated PCl mode is negatively loaded over the

Arabian Sea fig 4.3 (b). The key area time series for PC I mode (un-rotated), obtained by calculating

the average of the key area means in the two boxes shown in fig 4.3 G), indicates high inter-annual

variability andrelatively small annual variability, figs.4.3 (g) and4.3 (h). The waveletpower spectrum
•

ofthis time series reveals relatively large amplitudes in the 2-4 and 7-12 year period bands' fig. 4.3

(i). The amplitudes in the 2-4 period band, which coincides with the ENSO signal, were weaker

between about 1972 and 1980. Small annual variability with little amplitudemodulations are revealed.

43.1.2 SST PC2 mode (Variance 8.8%)

The second PC mode for the monthly SSTs without the annual cycles explains 8.8% ofthe variance

fig app4a (c, d). PC2 mode (un-rotated) is a dipole in the Atlantic Ocean centered at 15°N, 38°W and

200S, 100W negatively loaded over the GulfofGuinea is centered at 50S, 1OOW after rotation. The

plot of the SST time series, fig. app4a (a, b), which is the difference between the positive and

negative loading key areas (pC2 un-rotated) fig. app4a (d), indicates small inter-annual variability

but large annual variability with small amplitude modulation. The plot time series, fig. app4a (a),

indicates that SST over the central Atlantic was cooler than SSTs between the west and east south

Atlantic north of SON between 1977 and 1984 and wanner between 1969 and 1976. The plot of the

SST time series (figure not shown), obtained by calculating the area average of the SST in the box

300W-lODE, IDON-20oS where PC2R (rotated) is loaded (the GulfofGuinea) reveals generally low

SSTs between 1974 and 1984 and a decreasing SST trend between 1985 and 1994, fig. app4a (a).

Modulation ofthe annual SST variability is small, fig app4a (b). The wavelet spectral amplitudes for

the two time series are similar as both contain relatively high amplitudes with 1.5 to 2 year and 8 to

14 year oscillation periods, fig. app4a (c)

43.13 SST PC3 mode (Variance 63%)

The third PC mode for the monthly SSTs without the seasonal cycle explains 6.3% ofthe variance
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fig 4.3 (d, e). The third PC mode (un-rotated) is positively loaded over the western Indian Ocean, in

thebox 500W-0°, 1OON-l OOS and negatively loaded over the central Atlantic Ocean, in the box 400E­

600E, 0°-300S after rotation. Theplot ofthe time series, calculated as the difference ofarea averages

ofSSTs in the 500W-0°,1OON-l OOS and 400E-600E, 0°-300S boxes, shows a high annual and inter­

annualvariability. Amplitude modulation is revealed in the annual SST variability between 1982 and

1986. The continuous wavelet transform ofthe time series reveals relativelyhigh spectral amplitudes

with oscillation periods of 1.5-3 and 5-8 years.

4.3.2.0 Sea Level Pressure PCA

Similarprincipal componentanalysis was performed on sealevel pressure over the Atlantic andIndian

Ocean basins with the annual cycles removed in the 1965-95 data The first three PCs explain about

43% ofthe variance. Table 4.4 lists the variance and approximate location of the loadings.

Table 4.4: Sea Level Pressure PC modes

Mode Variance (%) Approximate Location (Lon.fLat.)

PCl 24.1 50S, 800E and 5°S,200W Ind+Atl

PC2 12.1 lOOS, 800E and 200N,500W Ind-Atl

PC3 7.2 300N, 500W and 200S,200W AtlDipole

PCIR 24.1 15°S, 200W eastAtl

PC2R 12.1 17°N, 95°E eastInd

PC3R 7.2 300 N, 18°W northAtl

4.3.2.1 SLP PCl mode (Variance 24.1%)

The first PC mode for sea level pressure without annual cycles explains 24.1 % ofthe variance. This

. PC mode is negatively loaded over the equatorial Atlantic and Indian Oceans and centered at (50 S,

20°W) and (50S, 800E) respectively fig 4.4(a). The plot of the SLP time series, figs. 4.4 (g and h),

obtained by calculating SLP area average in the boxes in fig. 4.4 G) shows high SLP variability at

both the annual and inter-annual time scales fig 4.4 (g) and 4.4 (h) respectively. The wavelet
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transform of this time series, fig 4.4 (i), indicates relatively large spectral power with oscillations

period of 1.5-5 and 8-12 years.

43.2.2 SLP PC2 mode (Variance 12.1%)

The second PC mode, for the sea level pressure over the two oceans without the seasonal cycle,

explains 12.1% of the variance. The second SLP PC mode (un-rotated) fig. 4.4 (c), is positively

loaded over the Indian ocean (lOOS, 800E) and negatively loaded over the Atlantic ocean (200N,

50°W) in different latitude bands. The time series, obtained by calculating the difference of area

averages in the 600E-900E,lOoN-200S and 700W-lOoW,00-300N boxes, is plotted and reveals high.

SLP variability at the inter-annual and annual time scale. High amplitudemodulation is revealed in the

annual cycles. The two time series indicate relatively high spectral energy with 2-5 and 8-12-year

oscillations period.

43.2.3 SLP PC3 mode (Variance 7.2%)

The third PC mode (un-rotated and rotated) of monthly SLP over the two oceans without the

seasonal cycle explains 7.2% ofthe variance table 4.4. The third SLP PC mode (un-rotated) is a N-S

dipole loaded over the Atlantic ocean with a positive centre at 300N, 500W and a negative centre at

200S, 200W, fig. 4.4 (e). These are the areas ofthe Azores and St. Helena anticyclones respectively.

The difference ofthe monthly area averages for the two key areas represent the temporal variability

ofSLP in the PC loading region. The area averages are calculated in the boxes shown in fig. app4b

(d). The plot offiltered time series, fig.app4b (a) and fig app4b (b), reveals high SLP variability at

both annual and inter-annual time scales. Amplitude modulation ofannual cycles is noted in the time

series plot fig. app4b Cb). The plot shows a general decreasing trend in the amplitude throughout the

whole period of 1965 and 1995. The continuous wavelet analysis ofthe third SLP PC suggests the

existence of relatively large spectral amplitudes with periods 1.5 to 5 years and 8 tolO years.

Relatively high amplitudes at the period 1.5 to 6 years are revealed throughout the period with

modulations in some years fig. app4b(c).
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4.3.3.0 Zonal Wind Component PCA

Coherentpattems which were extracted from the zonal and meridional wind components, with the

seasonal cycle removed, are discussed in this section. The zonal and meridional wind component fields

are analyzed separately. The domain remains the same as in SST and SLP. Table 4.5 gives the central

location and variance explained by each PC for U wind field.

Table 4.5: Zonal Wind PC modes

Mode Variance (%) Approximate Location (LonJLat.)

PCl 8.3 32°S, 500 E and 15°N, 500 W Atl + Ind

PC2 6.5 0°,80oE Ind
-
PC3 5.7 200 S, 200 W and 20oS, 600 E Atl +Ind2

PCIR 8.3 20oN, 300 W Atll

PC3R 5.7 20oS, 200 W Atl2

4.3.3.1 Zonal wind PCI (Variance 8.3%)

The first PC mode for zonal winds without the seasonal cycle explains 8.3% of the ofvariance. The

zonal wind PCl mode (un-rotated) has large positive loadings over the north Atlantic and south

Indian Oceans centred at 15°N, 500 W and 32°S, 500 E respectively. The zonal wind time series is

obtained by calculating area averages over the two boxes as shown in fig.app4c (d). The plot of this

time series, shows high inter-annual variability and relatively small annual variability with irregular

amplitude modulation figs. app4c (a, b). The continuous wavelet transform analysis reveals relatively

strong spectral amplitudes with oscillation period between 1.5 and 3 years, and 3 arid 7 years.

Strongest amplitudes are revealed between 1982 and 1994. The continuous wavelet analysis ofthe

time series indicates relativelyhigh spectral amplitude with oscillation periods between 2 and 6 years

and between 8 and 12 years.

4.33.2 Zonal wind PC2 (Variance 6.50/0)

The second PC mode for zonal wind without the annual cycles explains 6.5% ofthe variance fig 4.5

(c). As the un-rotated and rotated loading areas for PC 1 are almost the same only the rotated one
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will be discussed. Positive loading values, for the the second PC are loaded over the central Indian

Ocean fig. 4.5 (c). The filtered time series created by calculating the area average over the box

100N-1DoS, 700E-100oE over the Indian Ocean are plotted in fig. 4.5 (fand g) and reveals small inter­

annual zonal windvariability and large annual zonal windvariability over this region. Waveletanalysis

ofrotated PC2 of zonal wind component indicate oscillation at a period ofinter-annual time scale,

4.5 (h). Spectral amplitude with oscillatio!l periods between 2-3, 4-6 and 8-12-years are indicated

between 1970 and 1990.

433.3 Zonal wind PC3 mode (Variance 5.7%)

The third PC3 mode for zollal wind with annual cycles removed explains about 5.7% ofthe variance.

.. The un-rotated third PC mode is negatively loaded in the subtropical high pressure areas of the

southern hemisphere fig. 4.5 (d). The zonal wind time series is obtained by calculating the mean of

the appropriate areas ofthe Atlantic andIndian Oceans. The plotofthis time series indicates relatively

large inter-annual andannual zonal windvariabilitywith large amplitude modulationat theannual time

scale. Small amplitudes are revealed between 1973 and 1983. The wavelet transform ofPC3 for zonal

wind shows relatively large spectral amplitudes with oscillation periods between 1.5 and 3 years and

between 4 and 6 years.

43.4.0 Meridional wind PCA

PCA has also been performed on the meridional wind after removing the annual cycles. The domain

ofanalysis is the same as that for zonal wind, SST and SLP. Table 4.6 gives the central location and

variance explained by each PC. The first three modes for the meridional wind components without

the annual cycles explain about 27% ofthe variance. The rotated modes are similar to the un-rotated,

so only they are retained for analysis.
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Table 4.6: Meridional wind PC modes

Mode Variance (%) Approximate Location (LonJLat.)

PCIR 6.2 33°S, 5°W Atll

PC2R 5.7 15°N, 27°W Atl2

PC3R 4.8 lOoN, 45°E Ind

4.3.4.1 Meridional wind PCl mode (Variance 6.2%)

The first PC mode (rotated) for the meridional wind without the annual cycle explains 6.2% ofthe

variance. This IIlllde PC is positively loaded over the south Atlantic Ocean with its centre at about

300 S, 5°W fig 4,6(a). Small positive loadings are also indicated over the northwest and south central

Indian Ocean while small negative loading are over the southwest Atlantic Ocean and southwest

Indian Ocean. The meridional wind component time series,is obtainedby calculating the areaaverage

over the southern Atlantic, fig. app4d (d). The plot of the time series show high inter-annual

variability of meridional wind wind component over the south east Atlantic Ocean fig. app4d (a).

Annual variability is relatively small with amplitude modulationfig. app4d Cb). relatively large spectral

amplitudes with oscillations period of 2-3 and 4-6 years are revrealed between 1965 and 1982 and

1985 and 1995 respectively, fig app4d (c).

4.3.4.2 Meridional wind PC2 mode (Variance 5.7%)

The rotatedPC2 mode (PC2R) for meridional windcomponent, which is located offthe coast ofwest

Africa, is centred at 15°N, 25°W fig. 4.6 Cb). 1bisPC mode for meridional wind with the annual cycle

removed explains 5.7% ofvariance. The time series plot, (not shown) created by area averaging of

meridional wind component in the box 400 W-I OOW, 20oN-I00 S, reveals large inter-annual. Large

variability is also observed at the annual time scale with relatively small amplitude modulation. The

spectral resolution of the inter-annual time series reveals high energy with periods between 2 and 6

years and also between 9 and 12 years.

4.3.4.3 Meridional wind component PC3 mode (Variance 4.8%)

The third PC mode (rotated) is located over the northwest Indian Ocean centred at looN, 45°E fig.
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4.6 (c). The third PC mode for meridional wind without the annual cycles explains 4.8% of the

variance. The time series is obtained by calcuhiting the area average in the box, fig 4.6 (g). The plot

of the filtered time series reveal relatively small inter-annual variability and large annual variability

with small amplitude modulation figs 4.6 (d, e). Large variability of the meridional wind over the

region indicated could be due to the monsoon wind system over the central western Indian Ocean.

Oscillations with periods between 2 and 4 years are found to have relatively high spectral energy.

4.4.0 CWT analysis of the teleconnection indices

4.4.1Quasi-BienniaIOscillation

The quasi-biennial zonal wind anomaly time series plot, fig. 4.7 (a) shows relatively large variability

. at the inter-annual time scale and small variability at the annual time scale, fig. 4.7 (b). Oscillation

periods of the QBO, as revealed by continuous wavelet analysis, are between 2 and 3 years as

expected. An interesting feature ofthe frequency-time display is the amplitude modulation of the

QBO with time. There are time spans when the QBO amplitude is strong and others when the

amplitude is weak.

4.4.2 Nino3 SST and Indonesia SLP anomalies

The time series plots of the Nino3 SST index, fig. 4.8 (a), (area average ofSST in the box 1500 W­

900 W, 5°N_5°S over the Pacific Ocean fig. 4.8 (d)) and the Indonesia sea level pressure anomalies

(fig. app4e) (anomalies in the box 900 E-1400 E, 5°N_50 S) both show relatively high variability at the

inter-annual time scale. The difference between the two indices is revealed in the annual variability.

At the annual time scaleNino3 has largervariability, fig. 4.8 (b), than the Indonesiasea level pressure

anomalies, fig.app4e (b). The continuous wavelet transform ofthe two time series reveals similarities

in the inter-annual time scale but some differences at the decadal time scale. Relatively high

amplitudes, with oscillation period between 8 and 12 year, are revealed in the Indonesia SLPa than

the Nino3 time series.
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4.5 Summary

In chapter two, it was demonstrated that conversion of PC loadings to key areas is acceptable. as

correlation coefficients between PC time scores and respective time series extracted over the

parameter loading regions were significant. Parameters over the selected key areas may therefore, be

assigned physical meaning. The analysis ofthe key area time series has revealed evolution ofannual

cycles and also annual and inter-annual variability of various parameters over diffrent key areas.

Frequency-time representation of the key area time series sheds light on the stability climate. Some

key areas maintained similar frequency patterns for the whole period, whilst others have shown

disjointed frequency patterns. Dominant frequencies are in the range 2-4 years and in many cases, the

amplitudes evolve similarly for rainfall and SLP.

Correlation analysis is done in the next chapter to establish the association between potential

predictors and predictant key areas. The results help understand mechanisms governing east and

southern Africa rainfall.
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CHAPTERS

5.0 CORRELATION ANALYSIS

5.1.0 Introduction

One ofthe objectives ofthis study is to look into the rainfall predictability potential over tropical

highlands ofAfricausing statistical forecasting method. Statistical forecasting techniques require

one to know the historical association between the predictant and the potential predictors or to

forecast a meteorological variable from observations ofthe same or other meteorological variables

at a previous time. Here predictor and predictant indices are created by area averaging of data

informed by PCA modes outlined in chapter 4. Physical meanings are attached to the extracted

PC mode to help establish the mechanism of rainfall variability over the highlands of tropical

Africa. The continental Africa rainfall and temperature PCs are the targets or predictants, while

the SSTs, SLP, and zonal and meridional winds over the Atlantic and Indian Oceans are the

predictors. Rainfall and temperature modes are correlated with environmental patterns or modes

in order to identifYpotential predictors at specified lead times. 1bis approach has beenused before

by many researchers among them are; (Graham et al., 1987; Barnston and Ropelewski, 1992;

Thacker and Lewandowicz, 1996) where the predictor indices are determined by empirical

orthogonal functions (EOFs) and extended empirical functions (EEOFs). Many researchers have

looked into the teleconnection ofEast African rainfall with ENSO (Ogallo, 1988, Hastenrath,

1993) and found coupling during the OND season. However, the relation between ENSO and

MAM rainfall is reported to be poor. Currently a number of statistical models are in use

operationally for forecasting short rains in East Africa. However, few reliable predictors have

been identified to predict the long rains.

To describe the relationship between SST, SLP, zonal and meridional winds and terrestrial

climate, the simple linear correlation coefficient method is used. First simultaneous correlations

between key predictorarea and target areas are calculated. Secondlymaps ofcorrelation betWeen

target areas and environmental parameters over the Atlantic and Indian Oceans are calculated at

lag zero using both continuous monthly and seasonal series, and at 3-month lead time using only

seasonal time series. Inall cases the CWT filter is applied to knock out all variability with cycles

less than 1.5 years.
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5.2.0 Simultaneous Correlations of monthly data

The degree ofassociationbetween rainfall/temperature key areas times series andregional/global

atmospheric key area indicesprovide an indicationofclimatic components modulating the climate

over the highlands oftropical Africa The results from these calculations suggest whichkey areas

and environmental parameters hold the potential of predicting rainfall over the highlands of

tropical Africa and therefore, shouid be used to create rainfall forecast models over the two

rainfall key areas ofeast and southern Africa For discussion purposes the selected environmental

key areas have been assigned names as shown in table 2.3. Correlation coefficients above 0,20

will be discussed, which for 93 degrees offreedom is significant at 95% limit after the data have

been filtered using CWT. Filtering data using CWT do not reduce the number of data points.

However, the edge effects, which are a factor ofthe wavelet scale, and the auto-regressive nature

offiltered (estimated inter-annual) time series, results in the reduction ofthe number ofdegrees

of freedom. For geophysical data the number of degrees of freedom ( or the number of

independent measurements) is much less.than the number ofdata points Sciremammano, (1979)

(due to the auto regressive nature ofgeophysical data). The number of degrees of freedom can

be given by (372-1)/4, where 372 is the number of data points and 4 is the number oflags in

months, at which auto-eorrelation are significant at 95% level (auto-eorrelation coefficients for

most key area indices were significant at 95% level at an average of4 months lag).

5.2.1 South African rainfall association with environmental parameter key areas indices
..",.

Correlation coefficients between SouthemAfrica rainfall key area and potential atmospheric and

oceanographic parameters and global teleconnection indices are given in tables 5.la - 5.1 d. Table

for correlation coefficients between rainfall and meridional wind components is not shown.

Rainfall over the southern Africa key area is negatively associatedwith SSTs over the tropical

Atlantic Indian Oceans (Ind and Atl) key areas. Simultaneous warming/cooling ofthe equatorial

Indian and Atlantic Ocean is associated with the weakening/increasing of pressures over the

tropics and a possible withholding ofmoisture in the equatorial band. The warming ofSSTs over

northwest Indian Ocean is.associated with a (reduced ilI/ Ox ) weakening ofthe Arabian ridge

and hence weak northeasterly monsoon. The correlation coefficients between rainfall over the

southern Africa key area and key areas (SLP Ind+At!, eastAt! and eastInd) are all negative. High ,

pressures over the equatorial regions (Atl+Ind) ofthe Atlantic and Indian Oceans are associated

with less rainfall over southern Africa Relatively high pressures over the south Atlantic Ocean
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suppresses convection over southern Africa. Note the extension of the loading towards the

Benguela.cold up-welling over the Atlantic Ocean (Ind+Atl), fig. 4.4a. Pressures oYer the

northeastern Indian Ocean region Ind are negatively associated with rainfall over the Southern

Africakey area The physical explanation for this association is however, not clear. Zonal wind

over the Atlantic and Indian Oceans Atl+Ind, Atll and Atl2 key areas are negatively associated

with southern Africa rainfall while zonal wind over the Indian key area (Ind) is positively

associated with the rainfall over the Southern Africa rainfall. Easterlies over the Atlantic and

Indian Oceans key areas (Atl and Ind) are associated with wet conditions over the southern

Africa. Strong easterlies suggest strong Azores and Mascarene anticyclones, hence evaporative

cooling of the oceans there. Similarly easterly zonal winds over the tropical Atlantic Ocean and

central south Atlantic Ocean are associated with more rainfall over the southern Africa key area.

Positive zonal wind anomalies (westerlies) over the equatorial east Indian ocean are associated

with increased rainfall over southern Africa. This association is similar to those found by Mason,

(1992). Rainfall over southern Africa is positively associatedwithmeridional wind over the north

west Indian Ocean key areaV Ind (correlation coefficient +0.325). This suggests that increased

southerlies over the west Indian Ocean are associated with increased rainfall over the southern

Africa, though the physical explanation is not clear. The westerly phase ofQB030 is positively

associated with rainfall over the southern Africa key area, i.e. positive zonal winds at 30 hPa are

associated with an increase ofsouthern Africa rainfall. Similar results have also been found by

Mason, (1992). The two ENSO indices are negatively associated with rainfall over the Southern

Africa key area rainfall. Negative pressure anomalies over Indonesia and negative SSTsover

Nino3 are associated with an increase of rainfall over the southern Africa key area. This event

corresponds to La Nina.

Table S.la: Correlation coefficients between Rainfall and SST key areas

Rainfall key areas

Southern Africa East Africa

U1 Ind+Atl -0.238U1...,

'" AtIDipole 0.231
tr1
><:

0.380>- Ind-Atl

6l Ind -0.233>-
U1

eastAtl -0.237
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5.2.2 East Africa rainfall association with Environmental key area indices

The SST indices AtlDipole and Ind-Atl are positively associatedwith rainfall over the east Africa

key area and the eastAtl index is negatively associated with rainfall over this key area. A positive

AtlDipole index requires that SST over the north Atlantic be warmer than SST over the southern

Atlantic. With this temperature set-up the southeasterlies over the southeast Atlantic and the

recurved westerlies over the western Atlantic Ocean and Congo Basin become stronger thus

pushing moist Congo airmass over the eastAfricanhigblands. A negativeAtIDipole index results

in the reversal ofpressure gradient thus weakening the westerlies over the eastern Atlantic Ocean

and the Congo Basin which may result in reducing rainfall over East Africa.

Table 5.1b: Correlation coefficients between Rainfall and SLP key areas

. Rainfall key areas

Southern Africa East Africa

en Ind+Atl . -0.297 . 0.414I· t""'
'"0

~ Ind-Atl 0.323
0-<
;> AtlDipole 0.361

GJ eastAtl -0.234 0.423>en
easInd -0.380 . 0.299

A positive SST index Ind-Atl implies warmer west Indian ocean (hence low pressure anomaly)

and colder east Atlantic Ocean (highpressure anomaly). This setup suggests a west-east pressure

gradient which allows ageostrophic westerlies from the tropical Atlantic Ocean to penetrate into

east Africa crossing the moist Congo Basin. The moist Congo air orographic uplift results in

convective activities over east Africa. An increased easterly flow from the Indian ocean can also
1

improve chances for rain. The SLP indices Ind+Atl, Ind-Atl, AtlDipole, eastAtl, eastInd isall

positively associated with east Africa rainfall. This pattern ofpressure supports an easterly flow

over the Indian Ocean. The U indices Ind and Atl+Ind2 are negatively associated with east Africa

rainfall while U Atll index is positively associated with east Africarainfall. Together these suggest

large-scale convergence. Easterly anomalies (negative zonal wind) overthe southern Indian Ocean

and southern Atlantic Oceans suggest active southern subtropical anticyclones.
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Table S.le: Correlation coefficients between rainfall and zonal wind key areas

Rainfall PCs (Rotated without seasonal cycles)

Southern Africa East Africa

N AtI+Ind -0.2290
Z
;J:> Ind 0.243 -0.535
t"'

~ AtI+Ind2 -0.207
Z
t:1 Atll -0.289 0.214

. Atl2 -0.211

In such a situation there will be relatively strong southeasterly trade over the Indian Ocean and

also southeasterly winds over the Atlantic Ocean which recurves to westerlies into the Congo

Basin. 1bis flow pattern supports an increase ofrainfall over east Africa. Positive U Atll index

anomalies suggest a strong push of moist air from the Azores' anticyclone shifting the ITCZ

towards east Africa. The meridional wind indices show no significant association with rainfall

over the east Africa key area.

The Indonesia sea-level pressure anomaly index is positively associated with the east Africa

rainfall. Positive Indonesia SLP anomalies suggest a pressure build-up over Indonesia and

therefore air-outflow from Indonesia (strengthening easterlies over the equatorial Indian Ocean)

across the Indian Ocean into east Africa. Studies conducted by (Hastemath et al., 1993) have

established that high pressure anomalies over Indonesia are accompanied by low pressure

anomalies 'over the western Indian Ocean. 1bis setup suggests a general westward moisture

advection from the Indian Ocean into east Africa. Both QB030 and Nin03 indices have poor

correlation with continuous east Africa rainfall. The Nin03 index association with east Africa

. rainfall appear to be seasonally locked as shown in chapter 6.

Table S.ld: Correlation coefficients between rainfall key areas and Global indices

INDICES Rainfall key areas .

Southern Africa East Africa

QB030 0.317

IndSLPa -0.427 0.307

Nin03 -0.470 0.047
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5.23.0 Tempe":.tture key area indices associations with environmental key area indices

5.23.1 Southern Africa temperature and Environmental key areas

Most of the oceanic and atmospheric parameter indices over the Atlantic and Indian Oceans

appear to be positively associated with the temperature index over the southern Africa key area

table 5.2. Indices which indicate negative associationwith this temperature index are zonal wind

index Ind, and meridional wind indices Atll and Ind. The correlation between SST indices

Ind+Atl andInd, and the southern Africa temperature index indicate high correlation coefficient

values.

5.23.2 East Africa temperature and Environmental key area

Almost all ofthe environmental parameter indices are positively associated with temperature over

east Africa except the zonal wind index Ind. All correlation coefficient values which are not

significant at 95% level are not shown in the table in table 5.2. The two SST indices Ind+Atl and

Ind indicate relatively higher association with the east Africa temperature key area index. These

indices, seem to highly influence temperature variability over east Africa. -Correlating

environmental parameterkey area indices with ternperatureprovidehighercorrelation coefficients

than correlating environmental parameter key area indices with rainfall. This perhaps could be

attributed to the continuous nature of temperature records as opposed to rainfall records

53.0 Spatial correlations

53.1.0 Environmental key areas and global indices associations with gridded continental

Mrica r.tinfall

In this section environmental key area all'! global indices associations with gridded continental
'.-,

Africa rainfall are mapped (i.e. inwardly). Correlation coefficients are calculated between an

environmental parameterkey area index and rainfall time series at each terrestrial gridpoint over

the African continent. Lowperiod signals,Withperiods less than 1.5 years, are removed to retain

the inter-annual variability, using CWT as explained in chapter two. The idea here is to see how

inter-annual rainfall, over different regions ofAfrica, associates with oceanic and atmospheric

patterns.
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Table 5.2: Correlations between temperature key areas and environmental key areas

Temperature Southern Africa East Africa

SSTInd+Atl 0.56 0.75

SST Ind-AtI 0.25 0.28

SST Ind 0.55 0.80

SST northAtl 0.29 0.48

SLP eastInd 0.27

U AtI+Ind 0.24 0.27

UInd -0.36 -0.32

U Atll 0.20

UAtl2 0.24

VAtll .. -0.39

VInd . -0.39

IndSLPa 0.43 0.37

Nino3 0.43 0.48

53.1.1 SST key area indices associations with gridded continental Mrica rainfall

The SST index Ind-AtI is positively associated with rainfall over east Africa and the Congo basin,

and negatively associated with rainfall over southern Africa, fig. 5.1 (c). It should be noted

however, that the SST index Ind-Atl is always (>D0C) during the 1965-1995 period; which

suggest that temperatures over the Indian Ocean were always higher than those over the Atlantic

Ocean. This implies that relatively warmer SST over the western Indian Ocean and relatively

cooler over the Atlantic ocean favours more rainfall over east Africa and less rainfall over

southern Africa in agreement with Hastenrath, (1993). The SST indices Ind+Atl and lnd are

negatively associatedwith rainfall overNamibia, Angola, Mozambique; Malawi and Zambia figs

5.1 (a, b).

53.1.2 SLP key area indices associations with and gridded continental Mrica rainfall

The continental griddedrainfall correlation coefficient patterns with SLP indices lnd+Atl and lnd­

Ad are similar. These two indices arepositivelyassociated with the inter-annual rainfall overeast

Africa andnegatively associated with rainfall over southern Africa, fig. 5.2 (a) and fig.app5a (a).

Positive SLP index lnd+Atl meanshigh pressures over the Indian Ocean, in the box 40oE-I OooE,

lO~-lOoS and high pressures over the Atlantic Ocean, in the box 50oW-0°, 10~-20oS. A

positive SLP indexlnd-Atl suggests higherpressures over the Indian Ocean than over the Atlantic

Ocean. The east-west pressure gradient favours an east west flow of warm moist air from the
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Indian Ocean, to the coast of east Africa which may result in rainfall over east Africa due to

orography. The SLP index AtlDipole shows a positive association with rainfall over the coastal

areas ofeast Africa, Angola and Congo, fig. app5a (b). The SLP indices eastInd and eastAtl also

reveal a similar correlation pattern over eastern and southern Africa fig. 5.2 (b, c). Positive

anomalies of these indices are associated with wet conditions over east Africa and less rainfall

over southern Africa

5.3.1.3 Zonal wind key area indices associations with gridded Continental Africa rainfall

The zonal wind component index Atl+Indl is shown to be negatively associated with rainfall over

Angola, Namibia, southern South Africa and Mozambique fig 5.3 (a). Negative (positive)

association is revealed between zOlial wind component index Ind and rainfall over northeast

(southern). These associations suggest that easterlies over the Indian Ocean, in the box 700 E­

1000E, IOON-I OOS, favours more rainfall over east Africa and less rainfall over southern Africa

while westerlies have the opposite result fig. 5.3 (b). The zonal wind component index Atll, is

negatively associatedwith rainfall over southwestern Africaand positively associatedwith rainfall

over eastern Africa (not shown).

5.3.1.4 Meridional wind key area indices associations with gridded continental Africa

rainfall

Rainfall over east SouthAfrica shows a positive association with the meridional wind component

index Atll. Outofthe three meridional wind component indices selected only the meridional wind

component index Ind that shows a reasonable association with southern Africa rainfall. This

meridional wind index is shown to be positively associated with rainfall over the south eastern

Africa fig 5.3 (c). What is suggested is that stronger northerly anomalies over the west Indian

Ocean, in the box 400E - 700E, 200N-lOoN, are revealed to be associated with a decrease of

rainfall to the southeast ofAfrica whereas southerlies over the region have an effect ofincreasing

rainfall over the same areas. The stronger inter-hemispheric transfer of momentum retains

convection in the equatorial band through monsoon re-curvature.

5.3.1.5 QB030 index association with gridded continental Africa rainfall

The QB030 index shows good association with rainfall over southern Africa The positive

association suggests that wet conditions over southern Africa may be expected during the



5-9

westerly phase ofQB030, fig 5.4 (a). Similar results have also been revealed by Mason, (1992).

Generally weak positive association is revealed over northeastern Africa.

5.3.1.6 Indonesia SLPa and Nino] indices association with gridded continental Afric-d

rainfall

The IndSLPa and the Nin03 indices are discussed together as they are very closely associated and

also give similar correlation coefficient patterns. The Nin03 ai:J.d IndSLPa indices are shown to

be positively associated with inter-annual rainfall over eastAfricaand negatively associated with

inter-annual rainfall over southern Africa, fig. 5.4 (b, c). Similar results have been revealed by

other researchers (Ogallo, 1988; Mason, 1992; Hastemath, 1993).

5.3.2.0 East and southern Africa key areas rainfall associations with gridded oceanic

and atmospheric parameters over the Atlantic and Indian Oceans

Associations between area-averaged rainfall indices, over east and southern Africa, and

oceanic/atmospheric parameters over the Atlantic and Indian Oceans are determined by

calculating correlation coefficients. Correlation coefficients are calculatedbetween a rainfall index

and an oceanic/atmospheric parameter time series, for the data between 1965 and 1995, at each

grid point over the Atlantic andIndian Oceans. Correlation coefficients (90 values over the two

oceans) are mapped to obtain correlation maps. A low pass filter is done to all time series (to

remove short-term fluctuations with period less or equal to 1.5 years) using wavelet transform.

Areas with high correlation coefficient values indicate that the particular parameter over an area

has good association with the respective rainfall index. Three and six-month lag correlation

coefficients shall be calculated in the next section to see the potential ofpredicting rainfall over

the two selected areas, i.e. east and southern Africa

5.3.2.1 East Africa rainfall key area associations with oceanic and atmospheric parameters

Rainfall over the east Africa key area is shown to be positively associated with SSTs over the

western central Indian Ocean and negatively associated with SSTs over the Atlantic Ocean, east

ofsouth America Rainfall over east Africakey area is also shown to be negatively associatedwith

SSTs over southeastern Indian ocean, in the box 85°E-l OooE, 100 S-35°S, fig 5.5 (a). It is further

revealed that high pressure anomalies over the eastern Indian Ocean and Atlantic Ocean east of

south America arepositively associated with rainfall over the east Africa key area, fig 5.5 (c). The
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coefficients between SST indices northAtl, eastAtl and Ind-Atl are not shown.

5.3.3.2 SLP key area indices associations with gridded continental Mrica temperature

With the hydrostatic balance holding, it should be expected that with a rise/fall in temperature

there should be a fall/rise in pressure. Therefore, the discussion in this section will be done with

this simple principal in mind. The SLP indices Ind+Atl and fud-Atl are shown to be oppositely

related with temperatures over the western and eastern sides of the continent and directly

associated with temperatures over the central part ofthe continent figs 5.7 (a). Pressure rises over

the key areas could partly be a result of temperature falls wlnle pressure fall could be partly

explained warming. The mapping of correlation coefficients between SLP indices AtlDipole,

eastAtl and NwestAtl and continental temperatures are similar fig 5.7 (b). Interesting patterns in

these maps are the negative correlation coefficient values over the western parts of Africa and

weak positive correlation coefficient values over southern Africa and central Africa Figure 5.7

(c) reveals thatthe SLP index eastInd is shown to be positively associated with temperatures over

southern and central Africa and negatively associated with temperatures over northeast and

western Africa Correlation maps for other indices are not shown.

5.3.3.3 Zonal wind key area indices associations with gridded continental Mrica

temperature

The Zonal wind component index Atl+Ind is shown to be positively associated with positive

temperatures over the southeast and central Africa fig 5.8 (a). This association suggests that

weakerAzores and Mascarene anticyclones may result in higher temperatures over the southeast

and central Africa. Stronger anticyclones support stronger south-easterlies from the caIder

southern hemisphere to penetrate into the tropics. The correlation map offig 5.8 (b) suggests that

westerly windover the Indian Ocean, in an area associated with the zonal wind component index

Inll, generally results in falling temperatures over the continent. Withwesterly anomalies over the

Indian Ocean coolerairfrom the Cooler Atlantic Ocean penetrates into the continent thus cooling

it. Associations of zonal wind component indices Atl+Ind2, Atll and At12 with continental

gridded temperatures are patchy and are not discussed.
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5.33.4 Meridional wind key area indices associations with gridded continental Africa

temperature

It is revealed that the associations between the meridional wind component index Atll and

temperatures over the southern and eastern Africa are negative. The association suggests that a

stronger St. He1ena anticyclone with southerly winds components (positive V), to the right ofthe

anticyclone, may result in temperature fall over southern and easternAfrica fig. 5.9 (a). Similarly

positive meridional wind components Over the western side of the Indian Ocean results in

temperature falls over southern and eastern Africa, fig. 5.9 (c). Southerly wind components

suggest cold air advection from the southern hemisphere. Positive meridional wind components

over the V Atl2 key area are associated with temperature falls over the western and southern tip

ofAfrica. It is further revealed that northerlies over this key area are associated with temperature

rises over central and southeast Africa.

533.5 Association between QB030 index and gridded continental Africa temperature

The association between the zonal wind component Index (QB030) and temperatures over the

Africancontinent are shownto bepatchy. However, large correlation coefficientvalues are shown

over the southeastern Africa. This relationship implies that the westerly phase of QB030 is

associated with temperatures rises over the southeastern Africa fig 5.1 0 (a).

533.6 Association between Indonesia SLPa and ENSO-Nino3 indices and gridded

continental Africa temperature

As stated in previous sections the Indonesia SLPa and ENSO-Nin03 indices represent a similar

signal as they are highly correlated. The correlation coefficients between gridded continental

Africa temperatures and the IndSLPa and ENSO-Nin03 indices reveal similar patterns which

imply that these two indices have a similar effect on temperatures over the continent fig 5.10 (b,

c). Positive/negative pressure anomalies over Indonesia have a positive/negative response in

temperatures over central and southern Africa while there is a negative association between

pressure anomalies over Indonesia and temperatures over the west coastal strip of Africa and

northeastern Africa. Continental Africa temperatures respond to Nin03 in a similar manner. In

short one could say that temperatures over central and southern Africa respond positively to

Nin03 while temperatures over the coastal strip ofwest Africa and northeastern Africa respond

negatively.
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5.3.4.0 Temperature over the eastern and southern Africa key areas associations with

gridded oceanic/atmospheric parameters over the Atlantic and Indian Oceans

The variability ofoceanic and atmospheric parameters, at the inter-annual time scales, can have

an influence on the variability of temperatures over the continent. In order to understand the

association between area-averaged temperature indices ofeast, central and southern Africa and

oceanic and atmospheric parameters over the Atlantic and Indian Oceans a correlation analysis

at zero is done. Correlation coefficients are calculated between a temperature index and an

oceanic/atmospheric parameter time series, for the data between 1965 and 1995, at each grid

point. All the time series are low-pass filtered, using the continuous wavelet transform to obtain

a data series with oscillation period greater than 1.5 years. Correlation coefficients (90 values over

the two oceans) are then mapped. Areas with significant correlation coefficients indicate that the

particular parameter has an association with the respective temperature index. Three and six

month lag correlation coefficients have notbeen calculated as is the case with rainfall. Discussion

ofresults will be done simultaneously in,this section forboth the eastand southern Africabecause

the correlation coefficient mappings obtained are very similar.

5.3.4.1 Association between temperatures over east and southern Mrica key area

indices and oceanic/atmospheric parameters

The mapping of correlation coefficient values between temperature over the east and southern

Africa key areas and gridded SST over the Atlantic and Indian Oceans, at the inter-annual time

scales, reveal similar patterns as shown in figs 5~1l (a, b). The difference between the two is in

the magnitude ofthe correlation value. It is generally shown that temperatures over the two areas

are positively associated with sea surface temperatures over the equatorial Atlantic and Indian

Oceans and also the southemhemisphere subtropical Atlantic and Indian Oceans. Temperatures

over the Benguela upwelling region are directly associated with temperatures over the two

continental areas. Figs 5.11 (c, d) shows the mapping ofcorrelation coefficient values between

the east and southern Africa key areas and sea level pressures over the Atlantic and Indian

Oceans. Temperatures over the two key areas are shown to be positively associated with SLP

over the south-central Atlantic and central eastern Indian Oceans, while sea level pressures over

the southern central Indian Ocean and southern and southwestern Atlantic Ocean are negatively

associated with temperatures over the east and southern Africakey areas. Temperatures overeast

and southern Africa key areas are shown to be negatively associated with zonal wind field over
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the equatorial Atlantic and Indian Oceans and positively associated with zonal wind field over

southern Atlantic Ocean figs 5.11 (e, 1). Temperatures over the east and southern Africa key areas

are negatively associated with meridional wind field over southeast and northwest Indian and

southern Atlantic Oceans and positively associated with meridional wind field over the Indian

Ocean south of Madagascar and over the equatorial Atlantic ocean figs 5.11 (g, h). Southerly

(positive) cold wind anomaly field, from the cold southernhemisphere, injects cold temperatures

into the southern and southeastern parts of the continent.

5.4.0 Inter-annual relationships between rainfall and environmental parameter key area

indices

Linear correlation analysis performed in the preceding chapter between rainfall over east and

southern Africa, and environmental key area indices have indicated that some indices have good

association with some rainfall key area indices. Regional as well as global indices have been used

in the calculation of these correlation coefficients. The results make us speculate that some part

of the variability of rainfall over east and southern Africa may be partly explained by these

regional/global climatic indices. Table 5.3 gives the list ofenvironmental key area indices which

have shown good relationship with rainfall over these areas and are considered for further

analysis. It should be noted however, that high correlation does not necessarily imply causation..

It has been shown, in chapter four, that a number of the environmental indices selected in table

5.3 exhibits oscillations at inter-annual time scale.
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Table 53: Selected environmental parameter key area indices subjected to further analysis

Parameter Index Correlation Coefficients

Southern Africa East Africa

Ind+Atl -0.24

SST Ind-Atl 0.38

eastAtl -0.24

SLP Ind+Atl -0.30

eastAtl 0.42

eastInd -0.38 0.38

U Ind 0.24 -0.54

Atll -0.29 0.21

V Ind 0.33

U QB030 0.32

SLP IndSLPa -0.43 0.31

SST Nin03 -0.47
.

TherelatIOnships betweenthese mdices and rainfall are further mveshgated graphically to help ID

the interpreting results. To achieve this, three analyses are made and results shown in figs 5.12 ­

5.22. Throughout these analyses the focus shall be on oscillations with period between 1.5 and

8-year period bands, the inter-annual time scale band. The environmental parameter - rainfall

indices relationship shall be made in this band. To achieve this high frequency signals with

oscillation period less than 18 months (1.5 years) are filtered using an l8-month Gaussian filter

leaving low frequency signals (In the wavelet space between 1.5 and 16-year). Seven months of

data are lost at the beginning and end of the time" series due to the nature ofthe Gaussian filter.

The standardised low frequency components are displayed in figures 5.12-5.22 (top, bold line for

rainfall and thin line for environmental parameter indices). The relationship between two series

is also investigated in the time frequency domain by computing their cross-wavelet spectrum

calculated using equation (9) in chapter 2, x(t) as a low frequency component ofrainfall time

series andy(t) as the lowfrequency component ofan environmental parameter index time series.

The cross-wavelet spectral modulus of the two time series is presented in figures 5.12-5.22

(middle). Finally analysis is made on the instantaneous time delay between two time series

(adopted from Melice 2000 personal communication).
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5.4.1 Relationship between southern Mrican rainfall and SST index Ind+Atl

The SST index Ind+AtI is plotted against the southern Africa rainfall key area time series as

shown in fig 5.12 (top). The time series plot of the two indices show that rainfall over southern

Africa is shown to be negatively associated with SST index Ind+AtI. The middle plot offig 5.12

displays the cross-wave spectral modulus ofsouthern Africa rainfall and the SST index Ind+AtI.

The plot indicates high cross-wavelet spectral modulus values from 1971 to 1977 in the 1.5 to 4­

year period band, and from 1982 to 1991 in the 2 to 4-year period band. Relatively small cross­

wavelet spectral modulus values are also noted in the 8 to I2-year period band between 1970 and

. 1993. The bottom plot of fig 5.13 displays the instantaneous time delay between rainfall over

southern Africa ariQSST index Ind+At! time series. Positive.values indicate rainfall is leading (in

months) and negative values the SST index Ind+At! is leading. The plot shows that between 1966

and 1984 rainfall was leading the SST index Ind+Atl between I to 4 months and at times there

were simultaneous responses between the two. Between 1985 and 1990 rainfall was leading the

SST index Ind+At! index by about 10 months while between 1991 and 1994 the SST index

Ind+AtI was leading rainfall by about 12 months.

5.4.2 Relationship between southern Mrica rainfall and SLP index Ind+Atl

The plot of SLP index Ind+AtI time series against the southern Africa rainfall time series is

displayed in fig. 5.13 (top). This plot indicate that rainfall over southern Africa is negatively

associated with the SLP index Ind+AtI for a greater part ofthe time between 1965 and 1995. The

rainfall over southern Africa and SLP index Ind+At! have shown coupling at different period

bands between 1965 and 1995 as indicated fig. 5.13 (middle plot). The cross-wavelet spectrum

plot indicates high cross-wavelet spectral modulus values between 1965 and 1978 in the 1.5 to

3-yearperiod band, between 1980 and ]99] in the 3 to 5 year period band and between 1970 and

1990 in the decadal period band. The instantaneous time delay plot fig. 5.13 (bottom) shows that

the SLP index Ind+At! time series leading almost throughout by an average of between IS and

22 months.

5.43 Relationship between southern Mrica rainfall and SLP index Ind

Therelationship between th~ southern Africa rainfall and the SLP index Ind time series is revealed

in fig. 5.]4. The SLP index Ind time series is plotted against the southern Africa rainfall time

series fig. 5.14 (top), which reveals that southern Africa rainfall is negatively related with the SLP

index Ind. The cross-wavelet spectrum of rainfall over southern Africa and the SLP index Ind
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indicates high cross-wavelet spectral modulus values between 1970 and 1980 in the 1.5 to 3-year

period band, and from 1980 to 1993 in the 3 to 4-year period band. From 1970 to 1980

oscillations period modulates from 3 to 4-year period to 1.5 to 2-year period. Some small cross­

wavelet spectral modulus amplitudes are indicated from 1974to 1993 in the decadal periodband.

The instantaneous time delay between the southern Africa rain and the SLP index 1nd time series

is shown in fig. 5.14 (bottom). This plot reveals that the SLP index 1nd leading rainfall for a

longer time period from 1965 to 1985 with an average period ofabout 2 to 4 months.

5.4.4 Relationship between southern Africa rainfall and U index Ind

The relationship between the southern Africa rainfall and U index 1nd time series is shown in fig.

app5b. The top plot displays the plotofthesouthern Africa rainfall time series against the U index

Ind time series. This plot show that rainfall over southern Africa is positively associated with the

U index Ind time series for most of the time from 1965 to 1995. The cross-wavelet spectrum

between the southern Africa rainfall and the U index 1nd time series reveals relatively large

spectral amplitudes from 1967 to 1980 in the 1.5 to 3.5-year oscillation period; and from 1977

to 1993 in the 2 to 5-year oscillation period. In the 8 to 12-year oscillation period some relatively

large spectral amplitudes are indicated from 1968 to 1990. The plot of instantaneous time delay

betweenthe two time series indicates thatthe U index Ind time series lead southern Africa rainfall

for most ofthe time between 1965 and 1995 with an average time ofabout 5 months except from

1886 to 1990 when rainfall was leading.

5.4.5 Relationship between southern Africa rdinfall and U index Atll

The relationship between the southernAfrica rainfall and theU Atll index is graphicallydisplayed

in fig. 5.15. The U Atll index plotted against southern Africa rainfall is shown in fig. 5.15 (top)

and reveals the opposite association between the two time series. Fig. 5.15 depicts the cross­

wavelet spectrum ofthe southemAfrica rainfall and the U Atll index time series. Relatively large

cross-wavelet spectral modulus values are indicated between 1966 and 1995 in the 2 to 4-year

period. The 2-year period in 1966 is shown to have modulated to 4 year period in 1995. Also

revealed are the relatively large cross-wavelet spectral modulus values between 1966 and 1990

in the 8 to 15-year oscillation period. Fig. 5.15 (bottom) displays the instantaneous time delay·

between two time series. This plot shows southern Africa rainfall leading the U Atl1 index time

series for most ofthe time from 1966 to 1995 except from 1983 to 1990 and from 1993 to 1995

with an average time of about 20 months.
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5.4.6 Relationship between southern Mrica rainfaUand V index Ind

The southern Africa rainfall is shown to be positively related to the V index Ind and coupled in

the 1.5 to 4-year oscillation period as indicated in fig. 5.16. Fig. 5.16 (top)shows the plot of the

V Ind index against the southern Africa rainfall time series. The plot indicates that the southern

Africa rainfall is positively associated with the V index Ind. The cross-wavelet spectrum ofthe

southern Africa rainfall and the V fud index time series shows relatively high cross-wavelet

spectral modulus between 1967 and 1994 in the 2 to 4-year oscillation period. It is noted

however, that the 2-3 year period in 1967 to have modulated to 3-4 year oscillation period.

Relatively weak cross-wavelet spectral modulus values are indicatedbetween 1975 and 1990. The

V Ind index is shown to lead southern Africa rainfall from 1966 to 1976 and southern Africa

rainfall to lead the V index Ind from 1976 to 1992. The average time in both cases is about 5

months (bottom).

5.4.7 Relationship between southern Africa rainfall and QB030 index

The southern Africa rainfall is shown to be positively associated with QBO, fig.5.17 (top). The

two time series are shown to couple in the 1.9 to 2.9-year period (middle). Relatively high cross­

wavelet spectral modulus values are revealed almost throughout the whole time in the 1.9 to 2.9­

year period. Lowerarnplitudes however, are indicated between 1983 and 1986 (middle). The plot

of instantaneous time delay between the southern Africa rainfall and the QB030 index (bottom)

shows that there has been alternating leadership in the two time series.

5.4.8 Relationship between southern Mrica rainfall and Nino3 and IndSLPa indices.

The regional index over the eastern Indian Ocean, IndSLPa and the global index, Nino3 over the

Pacific Ocean are discussed in the same section as all are ENSO signals. The two ENSO indices

are shown to be positively associated with the southern Africa rainfall figs. 5.18 and app5c (top).

The cross-wavelet spectrumbetween the southern Africa rainfall and IndSLPa, and Nin03 reveal

high cross-wavelet spectral modulus values from 1968 to 1977 in the 2 to 4 year period and from

1978 to 1993 in the 3 to 5 year period fig. 5.18 and app5c (middle). The difference between the

IndSLPa andNino3 indices is in the cross-wavelet spectrum results shown in figs. 5.18 and app5c

(middle). It is shoWn that there are relatively high cross-wavelet spectral modulus values between

the southern Africa rainfall and IndSLPa than the southern Africa rainfall and Nin03 in the 10 to

12-yearperiod. This suggests that the IndSLPa index has high amplitude in the decadal time scale

than Nino3. Both indices show similar characteristics when it comes to instantaneous time delay
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analysis. Both indices lead rainfall between 1965 and 1978 with lead a time of about 5 months.

Between 1980 and 1995 rainfall leads the two indices with an average time of about 2-3 months

figs. 5.18 and app5c (bottom).

5.4.9 Relationship between east Africa rainfall and SST index Ind-Atl

East Africa rainfall is shown to be positively associated with SST index Ind-At! for most ofthe

time between 1965 and 1995 fig app5d (top). The cross-wavelet spectrum ofthe two time series

fig. app5d (middle) indicates relatively high spectral modulus from 1965 to 1975, 1980 to 1987

and 1993 to 1995 in the 1.8 to 3-year period band. In the 3 to 5-year period band relatively high

spectral values are indicated from 1974 to 1993. Fig. app5d (bottom) shows the instantaneous

time delay between the two time series. The SST index Ind-Atl index leads the eastAfrica rainfall

from 1965 to 1982 with an average lead time of about 4 to 6 months. From 1982 to 1991 east

Africa rainfall leads the SST ind~xInd-Atl with an average lead time ofabout 5 to 10 months. For

the remaining time the SST index Ind-At!leads rainfall with an average time ofabout 5 months

5.4.10 Relationship between east Africa rainfall and SST index eastAtl

Fig. 5.19 (top) shows that the SST index eastAtl index to be positively associated with the east

Africa rainfall. The cross-wavelet spectrum ofthe two time series, fig. 5.19 (middle) shows the

two time series coupling in the 1.9-3, 4 to 7 and 9 to 15 year period bands. Relatively high

spectral values are indicated between 1967 and 1987 in the 4to 7-yearperiod band, and between

1966 and 1990 in the 9 to 12-yearperiod band. From 1965 to 1983 and 1990 to 1995 the east

Africa rainfall is shown to lead the SST index east Atl with an average lead time of about 20

months (fig. 5.19- middle). Between 1983 and 1990 the SST index eastAtlleads east Africa

rainfall.

5.4.11 Relationship between east Africa rainfall and SLP index eastInd

For most.oftime the east Africa rainfall is shown to be positively associated with the SLP index

eastlnd fig. 5.20 (top). Relatively larger spectral amplitudes are indicated from 1965 to 1993 in

the 3 to 5 year period band and also from 1965 to 1975 relatively high spectral amplitudes are

indicated fig 5.20 (middle). The east Africa rainfall is shown to lead the SLP index eastlnd for

most ofthe time between 1965 and 1995 with an average lead time ofabout 12 to 4 years except

between 1985 and 1993 when the lead time is between 5 and 20 months (fig. 5.20-bottom).
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5.4.12 Relationship between east Africa rainfall and U index ind

The U index Ind is shown to be negatively associated with the rainfall over east Africa (fig. 5.21

(top); the U index lnd is multiplied by -1 for plotting purposes). The cross-wavelet spectrum of

the east Africa rainfall and the U index lnd time series is shown in fig. 5.21 (middle). The plot

shows relatively high spectral amplitude from 1970 to 1990 ill the 3 to 5-year oscj]]ation periods.

The U index lnd is shown to lead the east Africa rainfall from 1996 to 1980 with a lead time of

about 0 to 4 months. From 1980 to 1995 the east Africa rainfall leads the U index lnd with a lead

. time of about 0 to 7 months. The plot shows high spectral amplitude from 1970 to 1990 in the

3-5-year oscillations period band.

5.4.13 Relationsbip between east Africa rainfall and U index Atll

In fig. app5e (top) the U index AtlI time series is plotted against the east Africa rainfall time

series. This plot shows that the U index Ad is positively associated with the east Africa rainfall.

The cross-wavelet spectrum fig app5e (middle) shows relatively high spectral values in the 2 to

4-year period band from 1965 to 1995 and also relatively high spectral values are shown in the

8 to 12-year period band from 1965 to 1985. The east Africa rainfall leads the U index Adl by

an average lead time of about 5 months.

5.4.14 Relationship between east Africa rainfall and IndSLPa index

Positive association is indicated in the plot of east Africa rainfall against the Indonesia SLP

anomaly index lndSLPa. The cross-wavelet spectrum of the two time series fig 5.22 (middle)

shows relatively high spectral amplitudes in the 1.9 to 3, 3 to 6 and 9 to 14 year period bands.

In the 1.9 to 3-yearperiod band relatively high spectral values are found between 1967 and 1974,

and 1982 and 1987. Relatively high spectral amplitudes are also indicated between 1965 and 1993

in the 3-5- year oscillations period band. The instantaneous time delay plot, fig. 5.22 (bottom)

shows the east rainfall leading the lndSLPa index between 1965 and 1995 with an average lead

time of 0 to 5 months; the lead time increases to 10 months between 1985 and 1993.

5.5 Summary

Results from the correlation analysis in this chapterhave revealed that a number ofenvironmental

parameters, represented by key areas, are associated with rainfall over east and southern Africa.

Although ahighcorrelation between an environmental index and rainfall doesn't imply causality,

it is important to speculate on the mechanisms involved. These mechanisms are expected in the
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lower atmosphere, but it should be lll1derstood that there is an interaction with the ocean and the

upper atmosphere (e.g. zonal winds, ocean ekman divergence and changes in SST). Changes in

the heat content ofthe ocean are transferred into the atmosphere by convection and modulate the

circulation. Bearing in mind, the physical importance of the environmental key areas and the

degree of association with rainfall over east and southern Africa, speculations of mechanisms

responsible for the inter-annual rainfall variability over the tropical highlands ofAfricaare given

in chapter 7.
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Fig. 5.12: Low frequency variability of southern Africa rainfall (Filtered using an18­
month Gaussian filter) (bold) and SST -(Ind+AtJ) (thin) for the period August 1965-May
1995. Modulus cross-wavelet spectrum coeffidents of southern Africa rainfall and SST
-(Ind+AtJ); comparing cycles in the two time series middle). Time delay between
southern Africa rainfall and SST -(Ind+AtI) (bottom), where SST -(Ind+AtI) leading is
-ye
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Fig. 5.13: Low frequency variability of southern Africa rainfall (Filtered using an 18­
month Gaussian filter) (bold) and SLP -(Ind+Atl) (thin) for the period August 1965-May
1995. Modulus cross-wavelet spectrum coefficients of southern Africa rainfall and SLP
-(lnd+Atl); comparing cycles in the two time series (middle). Time delay between
southern Africa rainfall and SLP -(Ind+Atl) (bottom), where SLP -(Ind+Atl) leading is
-ve
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Fig. 5.14: Low frequency variability of southern Africa rainfall (Rltered using an 18­
month Gaussian filter) (bold) and SLP -(Ind) (thin) for the period August 1965-May
1995. Modulus cross-wavelet spectrum coefficients of southern Africa rainfall and SLP
-(Ind); comparing cycles in the two time series (middle). Time delay between southern
Africa rainfall and SLP -(Ind) (bottom), where SLP -(Ind) leading is -ve
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Fig. 5.15: Low frequency variability of southern Africa rainfall (Filtered using an 18­
month Gaussian filter) (bold) and U-(Atll) (thin) for the period August 1965-May 1995.
Modulus cross-wavelet spectrum coefficients of southern Africa rainfall and U -(Atl1);
comparing cycles in the two time series (middle). Time delay between southern Africa
rainfall and U -(Atl1) (bottom), where U -(Atl1) leading is -ye
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Fig. 5.16: Low frequency variability of southern Africa rainfall (Filtered using an 18­
month Gaussian filter) (bold) and V Ind (thin) for the period August 1965-May 1995.
Modulus cross-wavelet spectrum coefficients of southern Africa rainfall and V Ind;
comparing cycles in the two time series (middle). Time delay between southern Africa
rainfall and V Ind (bottom), where V Ind leading is -ve
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Fig. 5.17: Low frequency variability of southern Africa rainfall (Rltered using an 18­
month Gaussian filter) (bold) and QB030 (thin) for the period August 1965-May 1995.
Modulus cross-wavelet spectrum coefficients of southern Africa rainfall and QB030;
comparing cycles in the two time series (middle). Time delay between southern Africa
rainfall and QB030 (bottom), where QB030 leading is -ve
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Fig. 5.18: Low frequency variability of southern Africa rainfall (Rltered using an 18­
month Gaussian filter) (bold) and -Nino3 (thin) for the period August 1965-May 1995.
Modulus cross-wavelet spectrum coefficients of southern Africa rainfall and -Nina3;
comparing cycles in the two time series (middle). Time delay between southern Africa
rainfall and -Nino3 (bottom), where -Nino3 leading is -ve
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Fig. 5.19: Low frequency variability ofeast Africa (Rltered using an lS-month Gaussian
filter) (bold) and SST -{eastAtI) (thin) for the period August 1965-May 1995. Modulus
cross~wavelet spectrum coefficients ofeastAfrica rainfall and ssr-(eastAtI); comparing
cycles in the two time series (middle). TIme delay between east Africa rainfall and ssr
-{eastAtI) (bottom), where ssr -{eastAtl) leading is -ve
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Fig. 5.20: Low frequency variability ofeast Africa (Filtered using an lS-month Gaussian
filter) (bold) and SLP eastInd (thin) for the period August 1965-May 1995. Modulus
cross-wavelet spectrum coeffidents of east Africa rainfall and sLP eastInd; comparing
cydes in the two time series (middle). Time delay between east Africa rainfall and SLP
eastind (bottom), where SLP eastInd leading is -ye
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Fig. 5.21: Low frequency variability of east Africa (Rltered using an 18-month Gaussian
filter) (bold) and U-(Ind) (thin) for the period August 1965-May 1995. Modulus cross­
wavelet spectrum coefficients of east Africa rainfall and U-(Ind); comparing cycles in
the two time series (middle). Time delay between east Africa rainfall and U -(Ind)
(bottom), where U -(Ind) leading is -ve
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Fig. 5.22: Low frequency variabilityof east Africa (Filtered using an 1B-month Gaussian
filter) (bold) and Indonesia SLPa (thin) for the period August 1965-May 1995. Modulus
cross-wavelet spectrum coefficients of east Africa rainfall and Indonesia SLPa;
comparing cycles in the two time series (middle). Time delay between east Africa
rainfall and Indonesia SLPa (bottom), where Indonesia SLPa leading is -ve
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CHAPTER 6

6.0 Forecasting Potential

6.1 Introduction

The rate of population growth of many African countries is faster than the rate at of food

production. This imbalance is partly due floods and floods. Frequent droughts and floods in

recent years have affected agricultural production and have left manyAfrican countries with a

deficit of food to feed their citizens. A way should be sought to address this problem. One way

ofaddressing this problem is throughusing accurate and time seasonal forecasts. Seasonal rainfall

forecasts may help farmers increase food and cash crops production to support economic growth

intheirrespective countries. Other sectorswhich may also benefit from seasonal rainfall forecasts

inthe planning oftheir activities are water, financial, resource consumption, recreation, health and

livestock.

Analysing continuous monthly data in previous chapters, some atmospheric/oceanographic

parameters over action centres over the Atlantic and Indian Oceans have been identified. Some

ofthese have shownpromising association with rainfall over some parts ofthe tropical highlands

ofAfrica. Correlation analysis between rainfall and temperature and other oceanic/atmospheric

parameters at various lags were performed. A good association of a predictant and predictor at

three or six months lead-time implies that a predictor maybe useful ill operational forecast.

Correlatingrainfall datawith continuous parameters, e.g. SST, SLP, etc. has some disadvantages.

The first disadvantage is that rainfall data, particularly over highlands of tropical Africa, is not

continuous, i.e., rainfall is absent 6-7 months ofthe year. The discontinuity is brought by the fact

that rainfall is recorded as zero, in a dry season, similar to dry months, in a rainy season. The

secondproblemwith thismethodis thatthe correlationcoefficient does nothave a time reference,

i.e. it is not assigned to any particular month or season. To address these problems then rainfall

as well as predictor parameters are aggregated into three-month values to produce seasonal time

series. Eventually specific predictant seasonal series of interest are correlated with particular

seasonal values ofpredictors. The rainy period over the tropical highlands ofAfrica is between

October and June ofthe following year. In this study two rainy seasons for both east and southern

Africahave been selected to investigate the predictability potential. The seasons, which have been

selected, are DJF and MAM. In order to have a reasonable lead-time to forecast DJF rainfall JJA,

SON and DJF oceanic/atmospheric parameters are used to identify predictors. Similarly,
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association between MAMrainfall and SON, DJF andMAM oceanic/atmospheric parameters are

investigated. Correlation analysis between oceanic/atmospheric parameters over the designated

action centres and gridded rainfall over the continent shall be done and coefficient mapped as in

chapter 5 (inward mapping). In order for a forecastto have any benefitto farmers and otherusers,

a sufficiently long lead-time is required such that forecasts can be used in strategic planning of

their activities. For example, farmers canprepare agricultural activities as well as choose the right

variety of crops to grow. Similarly water resources or energy managers can release water from

their reservoirs ifflood forecast is given oruse the reservoirs' water carefully ifa drought forecast

is given. A useful predictor is one which has high correlation with the predictant index at season

lags zero, one (three months) and two (six months); that is a degree of persistence.

The followingpro~esare important for predictors: persistence, stability and useful lead-time.

Persistence in this context refers to slow evolution; for example, one would require a parameter's

auto-correlation function to be high for at least one to six month lags and a stable predictor

parameter should .be the one which has high and non varying correlation coefficients with a

predictant over years. For example, the correlation coefficients between rainfall and Nin03

calculated between 1930 and 1960 and between 1961 and 1990 should be similar. It is also

important for the predictor to consistently lead the predictand, i.e. changes in a predictor should

occur first before those in a predictand. In this chapter the predictability potential of seasonal

rainfall overthe tropicalhighlands ofAfrica is studied by investigating oceanographic/atmospheric

parameters which showpersistence, stability andhave useful leadtime with seasonal rainfall over

east and southern Africa. In section 6.2, lag correlation coefficients between African season'!!

rainfall and environmental parameters will be discussed while in section 6.3 correlation

coefficientsbe~een rainfall overAfricaand environmental parameters at seasonlags one and two

will be presented. Potentialpredictors are tabulated in table 6.3 and 6.4 and surnmarisedin section

6.3.5. Section 6.2 gives the correlation coefficient at three and six-month lags with respect to

filtered continuous monthly data. It should be noted however, that results do not focus on a

particlllar month or season. Section 6.3 investigates the forecasting potential of the east and

southern Africa rainfall at one and two seasonlags. Ifthe potential is high then operational multi­

variate statistical models can be developed using non-collinear predictors
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6.2 Three and six-month lagged correlation

Table 6.1 provides correlation coefficients for east and southern Africa key areas at three and SL'l

month lags and sheds some light on predictability potential. The results indicate that the two

rainfall indices are oppositely associated with a majority ofenvironmental parameter indices and

correlation coefficients are higher at three month lag than at six month lags (zero lag is discussed

in chapter 5) for a number of indices. Environmental parameter indices that show good

associations with rainfall over the two key areas at three and six month lags are discussed. For

rainfall over the southern Africa key area a number of environmental parameter indices have

shown some promising results though the degrees ofassociations are not very high. The IndSLPa

and Nin03, (which are ENSO signals) and QB030 demonstrates good association with rainfall

over southern Africa at three and six months lags. The IndSLPa, and Nin03 however, hold some

limited forecasting potential forrainfall over eastAfrica The SLP pressure index which links the

.simultaneous activity overthe Atlantic and Indian Oceans indicate that theyhave good association

with rainfall over the east Africa key area. These results suggest that rainfall over east Africa is

most responsive to SLP over the Atlantic Ocean. A number ofregional environmental indices hold

predictive potential for east Africa rainfall at 3- and6-month lead time.

6.3.0 Mapping of season lag correlation coefficients

Rainfall indices are created by aggregating three-month values to obtain DJF and MAM seasons;

the predictant seasons. Seasonal data for environmental parameter indices are also created for

corresponding zero, three and six month lags. Correlation analysis is then performed between

rainfall indices and environmental indices at these seasons' lags.

6.3.1.0 Sea surface temperature

6.3.1.1 Relationships between continental Africa rainfall and index SST Ind+Atl

Attention is given to peak rainfall seasons when discussing correlation coefficients over east and

southern Africa: DJF and MAM (figures for DJF season not shown). DJF rainfall over western

Angola and some parts ofthe Democratic republic ofthe Congo (DRC) is shown to be positively

associated with the SST index Ind+Atl index at all lags. Negative association is revealed between

the DJF SST index Ind+Atl and DJF rainfall over southern Africa while east Africa DJF rainfall

is shown to be positively associated.
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Table 6.1: Three and six-month lagged Correlation

Southern Africa East Africa

Environmental Key areas CORRELATION COEFFICIENTS

3 Mon.lag 6 Mon.lag 3 Mon. .Iag 6Mon.lag
SST Ind+Atl -0.17 -0 .,
SST AtlDioole 0.27 0.25
SST Ind-At! -03 -lUO 038 0.22
SST Ind -0.15 -0.13
SST eastAt! 0.15 on -0.37 -0.39
SST northAt! 0.13 -0.14 -0.15
SLP Ind+At! -0.34 -031 0.39 0.23
SLP Ind-At! - -0.23 -0.24 0.38 0.27
SLP AtlDivoJe -0.12 -0.17 0.47 OAl
SLP eastAtI -0.29 -078 0.45 0.34
SLP eastlnd -0.42 -0.36 0.2
SLP NwestAtI 0.28 0.24
U At!+Ind -0.17 0.2
UInd 0.33 0.3 -0.44 -0.22
U AtI+IndZ 0.16 -0.31 -0.25
UAtII -0.19 -0.16
UAt12 -0.13 -0.19 -0.18
V Atll 0.12 0.17
V At12 -0.17 -0.17

.
IH<r

VInd 0.41 0.33
QB030 0.4 0.31
Indslpa -0.42 -0.33 0.19
SSTNino3 -OA8 -0.36

EnVironmentalparameters that show associatIOn with ramfall over east andsouthern Africa at
three andsix month lags. Rainfall as well as environmentalparameter time series were filtered
to remove all signals with periods lower than 1.5 years using the CHIT. All correlation

. coefficients above are Significant at 95% level. (lvfonthly data used)

During the JJA and SONseasons the SST index Ind+Atl is poorly associated with the DJF rainfall

over southern Africa. Over the Congo basin and Sudan DJF seasonal rainfall is negatively

associated with the JJA seasonal SST index Ind+AtL The MAM season rainfall over southern

Africa is shown to be negatively associated with the SON, DJF, and MAM seasonal SST index

Ind+Atl; relatively higher correlation coefficients are revealed over the western parts ofsouthern

Africa and southeastern Africafig. 6.7. North of! OOS the correlation coefficients between MAM

season rainfall and SST index Ind+Atl are weak and patchy.

6.3.1.2 Relationships between continental rainfall and SST index Ind-Atl

DJF rainfall over Southern Africa is negatively associated with the SST index Ind-Atl index at

season lags zero, one, and two. The index is shown to be non-negative throughout the I965-1995
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period suggesting that SSTs over the Atl key area was lower than over the Ind key area In order

to have a high positive (fud-Atl) index either SSTs over Ind should be higher than SSTs over Atl.

To have lowerpositive (Ind-At!) index SSTs over Ind should be cooler and SSTs over the Atl key

area should be warmerbut not exceeding SSTs over the Ind key area Relativelyhigher SSTs over

the Indian Ocean and relatively cooler temperatures over the Atlantic Ocean suggests higher

pressures over the Atlantic ace"an than over the Indian Ocean key area This SST pattern favours

an increase ofrainfall overAngola, the Congo and eastern Africa and a suppression ofDJF rainfall

over southern Africa, fig 6.1 (a-c). This pattern ofwarm west Indian Ocean and simultaneously

cool east Atlantic Ocean is consistent with the uptake of global El Nino.

63.2.0 Sea level pressure

63.2.1 Relationships between continental Africa rainfall and SLP index Ind+AtI

The JJA, SON and DJF SLP index Ind+Atl is shown to be negatively associated with the DJF

rainfall over southern Africa, fig 6.2 (a-c). Positive association is revealed between SLP index

Ind+Atl during SON and DJF seasons and DJF seasonal rains over east Africa Relatively higher

pressures over the Atlantic Ocean supports westerly flow over the eastern Atlantic to the Congo

basin. Sirnilarlyrelativelyhigher pressures over the central Indian Oceanmay strengthen easterly

flow towards Africa The convergence, which results from the two wind regimes may result in

rainfall over east Africa. Relatively higher pressures over the Atlantic suppress rainfall over

southern Africa as mentioned above. The correlation patterns for MAM rainfall and SLP index

Ind+Atl at all lags are weak and patchy.

63.2.2 Relationships between continental Africa rainfall and SLP index Ind

Rainfall during the DJF season over southern Africa is shownto be negatively associated with the

SLP index Ind during the JJA, SON, DJF seasons, fig 6.3 (a-b); correlation coefficients are higher

during the SON season, fig 6.3 (e). The SLP index Ind at seasons SON and DJF are positively

associated with eastern and central Africa DJF season rainfall; again the correlation coefficient is

highest in SON. The SLP index Ind during the SON, DJF and MAM seasons is negatively

correlated with DJF seasonal rains; though the correlation coefficients are patchy during the SON

and MAM seasons. The SLP index Ind during the SON, DJF and MAM seasons is negatively

associated with MAM seasonal rains over the southern Africa At season lag zero, i.e. MAM
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Season, the SLP index Ind is negatively associated with MAM rainfall to the west ofeast Africa

and southeast Africa fig. app6c (c).

633.0 Zonal wind field

633.1 Relationships between rainfall and zonal wind component index Ind onr east

Indian Ocean

Zonal winds over the eastern Indian Ocean during SON and DJF, represented by the zonal wind

component index Ind are shown to be negatively associated with DJF rainfall over east Africa,

Angola, and the Congo basin andpositively associated with the DJF rainfall over southern Africa.

Wester]y wind (positive), over the eastern Indian Ocean, induces an outflowfrom east Africa and .

hence divergence which results in reduced rainfall during the DJF season (Hastenrath, 2000).

Easterly winds on the other hand during the SON and DJF seasons favour reduced rainfall over

southern Africa during the DJF season. An easterly wind towards east Africa brings warm moist

air and convective activities fig. 6.4 (a-c). In the SON, DJF and MAM seasons positive zonal

wind overthe east Indian Oceankey area is negatively associatedwith MAM rainfall over eastern

Africaandpositively associatedwith MAM rainfall overMozambique and Zimbabwe and Zambia

fig. 6.8 (a-c). Recent research suggests that this wind induces ocean Rossby waves to travel

westward across the Indian Ocean causing changes in SST that shift convection over Africa.

633.2 Relationships between continental rainfall and zonal wind component index Atl2

over the Atlantic Ocean

The westerly wind, zonal wind component indexAt12, during the JJA and SONseasonsare shown

to be negatively associated with DJF rainfall over eastern and central west Africa and positive

association is revealed over the Central African RepUblic (figure not shown). During the DJF

Season this wind index is shown to be positively associated with eastern Africa rainfall and

negatively associated with southern Africa rainfall. The association between MAM rainfall over

Africa and the zonal wind component index At12 is poor and patchy.

63.4.0 Meridional wind field

63.4.1 Relationships between continental Mrica rainfall and meridional wind component

index Ind over the northwestern Indian Ocean



6-7

At season lag 2 i.e. JJA season the meridional wind component index Ind over northwestern

Indian Ocean is shown to be positively associated with DJF seasonal rains over northeast Africa

and east Africa while negative association is indicated over southeastern Africa, Angola and the

Democratic Republic ofthe Congo (DRC) fig. app6a (a). The DJF seasonal rainfall over Sudan,

Zimbabwe Angola, southwesternZambia, and Mozambique, Congo basin is positively associated

with meridional wind component index Ind over the northwest Indian Ocean at season lag zero

fig. app6a (c). Positive association is indicated over Sudan, southwest Africa, Zambia and

Zimbabwe between SON meridional wind component index Ind and rainfall fig. app6a (b).

Positive meridional winds offthe coast ofeast Africa causes upwelling and hence cooling the sea

surface offthe coast ofeast Africa. Relatively high pressures, which are introduced due the cool

SST, strengthen the Arabian ridge. A relatively stronger Arabian ridge has the effect ofreducing

rainfall over east Africa and favouring more rainfall over the Congo basin and further south.

Reduced rainfall over east Africa is due to the diffluent nature of the Arabian ridge, while more

rainfall over southern Africa and the Congo Basin is aresult ofconvergence ofnortheasterly flow

and southeasterly flow in the south, and westerly flow from the Atlantic Ocean. A positive

meridional wind component index overthe northwestern Indian ocean, during SON, and DJF and

MAM seasons showpositive association with MAM rainfall over Zimbabwe, Zambia, Botswana

and eastern SouthAfrica, Gabon and Cameroun fig app6d (a-c). TheMAM rainfall over Ethiopia

and Central Africa are positively associated with the Meridional wind component index Ind fig.

. app6d (b).

6.3.5 Relationships between continental Africa rainfall and QB030 index

DJF rainfall over Gabon and Cameroun is shown be negatively associated with the (westerly .

phase) QB030 index at season lags zero and one while over southern Africa DJF rainfall is

positively associated with QB030 at season lags zero, one and two with relatively high

association at season lag two, fig 6.5 (a-c). The westerly phase of the QBO favours more DJF

rainfall over southern Africa while east Africa shows almost no relationship with the QB030

index at seasonlag zero except at season lags one andtwo. Similarresults have also been revealed

by Mason, (1992). The westerly phase ofthe QBO during SON, DJF and MAM seasons is shown

to be positively associatedwith MAMrainfall over Zambia, Zimbabwe and eastern South Africa,

fig. 6.9 (a-c); while it is negatively associated with MAM rainfall over Gabon, Angola and Zaire

at lag two (i.e. SON and DJF seasons) fig 6.9 (a).
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6.3.6 Relationships between continental Africa rainfall, and Nino3 and Indonesia sea­

level pressure anomaly (IndSLPa) indices

Mappings of correlation coefficients between DJF rainfall and JJA, SON and DJF Nino3 and

IndSLPa indices are very similar and therefore they will be discussed together. It is revealed that

Nino3 and Indonesia SLP anomaly indices, which are aII ENSO signals, are negatively associated

with rainfaII over southernAfrica, Cameroun and the Sahel at season lags zero, one and two, figs

6.6 (a-c) and app6b (a-c). The IndSLPa index shows higher positive correlation coefficients with

rainfall over east Africa at season lags zero and one figs. 6.6 (b, c) and app6b (b, c). The

association between DJF rainfall over east Africa and JJA Nino3 index is weakly positive and

patchywhilethe associationbetween DJF rainfaII and SONIndSLPais positive. OverAngola and

the Congo basinDJF rainfall is positively associated with JJA, SON and DJF Nino3 and IndSLPa

indices. MAM rainfall over southern Africa, Mozambique, northern part ofZarnbia and western

parts of the Congo basin is negatively associated with Nin03 SST and IndSLPa indices during

SON, DJF seasons, though the association is weak: and patchy over some areas figs. 6.10 and .

app6e (a-c). At season lag zero, i.e. MAM Season, the IndSLPa and Nino3 are negatively

associated with rainfall over southern and. southeastern Africa, Gabon and Cameroun and

positively associated over central Africa and northeastern Africa. Very poor association is

revealed between rainfall over east Africa and the two ENSO indices, mainlybecause ofseasonal

decoupling of the Indian Ocean monsoon (Hastenrath, 2000)..

6.4 Relationships between DJF gridded Africa rainfall and June-Sept all India rainfall

index

The DJF rainfaII over the eastern, southeastern and southwestern Africa is positively associated

with the June-September aII India rainfall index. Positive association is also indicated over west

African in the Gulf. of Guinea countries. The June-September all India index is negatively

'. associated with DJF rainfall over Angola and the Democratic Republic of the Congo fig. 6.11.

Heavy rains during the June-September summerrnonsoonmayresult in cooler oceantemperatures

due to decreased insolation because ofcloudiness. This onthe otherhand lead to higherpressures

over the northern Indian Ocean and the Arabian sea and thus relatively strongerArabian Ridge.
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6.5 Persistence

A number of climatological variables exhibit some degree of persistence, i.e. a tendency for

climate anomalies to continue to exist for longer period than might be expected if the variables

were randomly distributed in time, (Thapliyal, 1984). This persistence is normally due to inertia

or carry over process in physical systems. For example, the slow variability of sea surface

temperatures over the central Pacific Ocean due to the heat content with depth and heat capacity

(memory) ofwater (high values tend to follow high values and low values tend to follow low

values). The data set which portray this attribute is normally positively auto-correlated. A

geophysical data series has high predictability potential if it possesses the following properties:

(1) Strong positive auto-correlation and (2) the decreasing auto-correlation function or plot is

linear with little noise. This section looks into the persistence of the key area indices using the

auto-correlation function; which is calculated at two, four and six month lags, the results being

tabulated in table 6.5 (calculated using the STATGRAPHIC statistical package); results are

tabulated to reduce the number offigures. Auto-correlation is calculated afterremoving respective

long term mean annual cycles. The tabulated values are significant at 5% level. Out of all the

indices analysed, only the Nin03, IndSLPa, QB030 and SST key areas were persistent and

significant at 5% level up to six months lag while a few others showed persistency up to two

months lag with low auto-correlation values.

6.6 Tabulation of st~bility for selected seasonal predictors
Table 6.3 and 6.4 summarises the stability ofpredictors for the tropical highlands over Africa.

The stability couldbe looked into this way: Whenthe correlationcoefficients between a predictant

and predictorparameter at lags zero, one and two have significant large values and same sign the

predictor is said to be relatively stable with respect to the predictant. Results of the stability

analysis have shown that there is a predictability potential of rainfall over the tropical highlands

ofAfrica Sit is further revealed that some parameters over key regional centres could be used to

issue forecasts si.xmonths in advance. Global oceanic/atmospheric indices (Nino3 and QBO) have

also shown thatrainfall over some areas over the tropical highlands overAfrica have the potential

ofbeing forecast up to six months in advance.
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Table 63: Two, one and zero seasons lag correlation coefficients - Predictor stability for DJF
rainy season; summarised from figures 6.1 - 6.7

Parameter Predictor Index. Comment

SST Ind+AtI Unstable predictor

Ind-AtI Stable predictor over southern Africa

Ind Stable predictor starting at season lag one

eastAtl Unstable predictor; changing correlation coefficient signs at
season tag zero

NorthAtI Patchy

AtIDipole Patchy correlation coefficients over southern and east Africa .

SLP Ind+AtI Stable predictor

Ind-AtI Unstable predictor; changing sign at season lag zero

AtIDipole High correlation coefficients at season lag two decreasing at
season lag one and increasing at season lag zero

eastAtI Stable predictor; same sign and about the correlation coefficients
at all season lags

eastlnd Stable predictor starting at season lag two

NwestAtI Patchy correlation coefficients

U AtI+Ind Patchy but high correlation coefficients over east Mrica at
season lag zero

Ind Stable predictor starting at season lag one; negative correlation
coefficients over east Africa and positive over southern Africa

AtI+Ind2 Unstable predictor; changing sign at lag season zero

Atll Patchy Correlation coefficients over the target areas

Atl2 Patchy and unstable
.

V Atll Stable predictor for south Africa starting at season lag one

At12 Stable predictor for southern tip ofAfrica.

Ind Stable predictor starting at season lag one

QB030 Singapore Stable predictor for southern Africa; weak correlation
coefficients over east Africa

IndSLPa Indonesia Stable predictor for the two rainfall key areas

SST Nino3 stable predictor for southern Africa
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Table 6.4: Two, one and zero seasons lag correlation coefficients- Predictor stability MAM
rainy seasons; summarised from figures 6.8 - 6.14

Parameter Predictor Index Comment

SST Ind+Atl Stable predictor over southern Africa

Ind-At! Patchy correlation coefficients

Ind Stable predictor for southern Africa

eastAt! Stable predictor over central and east Africa

NorthAt! Stable predictor over Angola and Namibia; patchy over east
Africa

AtlDipole Patchy correlation coefficients over southern and east Africa

SLP Ind+At! Correlation coefficients decreasing from season lag two to seasor
lag zero over southern Africa

eastAtl Stable predictor over both east and southern Africa though
correlation coefficients are small at season lag zerO

eastInd Patchy and unstable over east and southern Africa but stable
over Mozambique

NwestAtl Stable predictor at season lag one to season lag zero over
southern Africa

U Atl+Ind Patchy and unstable

Ind Stable predictor over east Mrica but unstable over southern
Africa

Atl+Ind2 Patchy correlation coefficients and unstable

AtlI Patchy Correlation coefficients and unstable

At12 Patchy Correlation coefficients and unstable

V Atll Patchy Correlation coefficients

Atl2 Patchy Correlation coefficients

Ind Stable predictor starting at season lag one to season lag zero

QB030 Singapore Stable predictor for Zambia, Zimbabwe and eastern South
Africa; weak correlation coefficients over east Africa

IndSLpa Indonesia Stable predictor for southern Mrica and central eastern
Mozambique

SST Nin03 Stable predictor for southern Africa and western parts of east
Africa; weak correlation coefficients over the coastal strip

of east Africa
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PARAt\1ETER Auto-eorrelation at lag

2 4 6

Rainfall Southern Africa 0.21

East Africa

SST Ind+Atl 0.78 0.62 0.48 ·

AtlDipole 0.71 0.49 0.38

Ind-Atl 0.55 0':36 0.23

Ind 0.60 0.45 0.34

eastAtl 0.62 0.42 0.31

.
northAtl 0.66 0.40 0.29 ....

SLP Ind+Atl 0.33 0.23· 0.19
.

Ind-Atl 0.28

AtlDipole 0.31
·

eastAtl 0.38 0.28 0.28

eastInd 0.26

NwestAtl

Zonal Wind Atl+Ind 0.17
·

Ind 0.17

Atl+Ind2 0.16

Atll

At12

Meridional Wind . Atll

Atl2 0.35 0.14

Ind 0.18

QB030 0.83 0.53

SLP Indonesia 0.94 0.81 0.38

SST El Nino3 0.83 0.62 0.39
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6.7 Summary

Inthis chapterthe association ofseasonal rainfall over the tropical highlands over Africahas been

considered. Seasonal oceanic/atmospheric parameters have been analysed into at lags 0, 1 and 2

seasons using cross-i:orrelation amplitude as an indicator. Results found in this chapter suggest

that there is a potential ofpredicting rainfall over the highlands of tropical Africa and also that

these forecasts can be given up to six months in advance using ocean/atmospheric parameters

over certain action centres in the tropical Atlantic and Indian Oceans. Most importantly this

methodology represents a shift away from 'apriori' rainfall targets and has mapped many of the

Ocean climate influences 'inward' across Africa. A rainy summer monsoon suggests good rains

over the tropical highlands ofAfrica.
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Fig. 6.1 Correlation between continental Africa gridded DJF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffidents. (a) Correlation btw rainfall and JJA SST over Ind-At!; (b) Correlation btw
rainfall and SON SST over Ind-At!; (c) correlation btw rainfall and DJF SST over loo-At!
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Fig. 6.2 Correlation between continental Africa gridded DJF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffidents. (a) Correlation btw rainfall and JJA SLP over Ind+AtI; (b) Correlation btw
rainfall and SON SLP over Ind+AtI; (c) correlation btw rainfall and DJF SLP over Ind+AtI
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rainfall and SON SLP over eastInd; (c) Correlation btw rainfall and DJF SLP over eastInd
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Rg. 6.6: Correlation between continental Africa gridded DJF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffidents. (a) Correlation btw rainfall and JJA SSTs over NIN03; (b) Correlation btw
rainfall and SON SSTs over NIN03; (c) Correlation btw rainfall and DJF SSTs over NIN03



()

Ca)

-1

;

CORR. BTW. SONSSHndPAtt AND MAl'! RfN

6 -20

-20 -10 o 10 2Q

u:JNGm1CE

(b)

CORR. BTW. OJFSST-IndPAtl AND MAM RFM

-211 -to o to 20

1.O'<iffiJDE

30

(c)

CORR. BTW. MAfIo1SSHnljPAtI AND HAM RFN

-211 -10 o to 20

~

50

Fig. 6.7: Correlation between continental Africa gridded MAM rainfall and environmental
indice. Dashed (continuous) lines represent negative (positive) correlation coeffidents.
(a) Correlation btw rainfall and SON SSTs over Ind+Atli (b) Correlation btw rainfall and
DJF SSTs over Ind+Atl; (c) Correlation btw rainfall and MAM SSTs over Ind+AtI



(a)

CORR. BTW. SONlHnd AND HAM RfN 6 - 21

-lO -10 a 10 lO

l.ONGr!UJE

30 so

(b)

COAA. ITIW. OJRHnd AAO MAM RfH

a 10 20

UlNGffiJlJ<

CORR. 6TW. MAMU-Ind AND MAM RFN

.., so

(c)

-,

-20 -10 a 10 20

l.ONGr!UJE

30 so

Rg 6.8: Correlation between continental Africa gridded MAM rainfall and environmental parameter
indices. Dashed (continuous lines represent negative (positive) correlation coeffidents. (a) Correlation
btw rainfall and SON U wind component over rnd; (b) Correlation btw rainfall and DJF U wind
componentover rnd; (c) Correlation btw rainfall and MAM u wind component over rnd



(a)

-,

CORR.. BTW. SONQB030 AND MAM RfN 6-22

-10 o 10 JO '"

(b)

-,

CORR. BTW. OJFQ8030 AND MAM RFN

o 10 20

l!>GlWE

JO

(<:)

CORR. BTW. MAMQBQ30 AND MAM RfN

-20 -10 o 10 ZJJ

LOHGmJOE

JO '"

Rg. 6.9: Correlation between continental Africa gridded MAM rainfall and environmental­
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffuidents. (a) Correlation btw rainfall and SON QB030) index; (b) Correlation btw rainfall
and DJF QB030 index; (c) Correlation btw rainfall and MAM QB030



(a)

-1

CORR. BTW. SOHNIN03 AND MAM RfN 6 - 23

-lll -10 o 10 III

l.O'GTUOE

30

(b)

CORR. BlW. DJFNIN03 AND HAM RFN

-20 -10 o 10 III

UJNGffiJOE

30 40 50

(c)

CORR. BlW. M'AMNrN03 AND MAM RfH

-20 -10 o 30 40 50

Rg. 6.10: Correlation between continental Africa gridded MAM rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffidents. (a) Correlation btw rainfall and SON SSTs over NIN03; (b) Correlation btw
rainfall and DJF SSTs over NIN03; (c) Correlation btw rainfall and MAM SSTs over NIN03



6 -24

CORR-llTW_DJF RFN AND ALL INDL" RFN INDEX JUN-3EPT

-10 o to 20 30

LONGITUDE:

40 50

Fig. 6.11: Correlation between gridded continental Africa rainfall and

June-September Summer Monsoon rains (1965 -1995). Dashed

(continuous) line represent negative (positive) correlation coefficients



7-1

CHAPTER 7

7.0 Summary and conclusion

7.1 Introduction

Rainfall is one of the major components of the climate system, which supportlife. For human

beings rainfall supports a number ofsocio-economic activities including industries, agriculture,

construction, livestock, health, hydro-power generation etc. Excessive deficient in rainfall may

result in the disruption of these activities and hence the socio-economic well being of the

concerned population. The economies ofmany African countries, particularly those poor sub­

Saharan countries, depend mainly on rain-fed agriculture as irrigation is outside their reach. The

spatial and temporal distribution oftropical Africa rainfall unfortunatelyvaries from year-to-year.

Floods and drought conditions may result in the disruption ofmany socio-economic activities.

Shortage ofrains for a longerperiod may result in a drought which may lead to a serious shortage·

offood and pasture for livestock. On the other hand heavy rains persisting for a long time period

mayresult in IowlyingfarmIands orsettlements being inundated with water thus destroying crops

and infrastructure. For example, floods in TaDzania in 1997(98, disrupted agricultural activities,

destroyed food and cash crops, and infrastructures. The total cost to infrastructures was estimated

to be TShs72bil. (Equivalent to US$70 million) (Kanemba, personal comm., 2001). Due to the

variable nature ofrainfall over tropical Africa and dependency ofcountries concerned, planners

must be aware of the vagaries of the climate of Africa in order to get prepared.

Is it the year-to-year fluctuations of the seasonal rainfall that is of major concern? Yes, indeed

together with these fluctuations which at times are extreme, resulting in floods or droughts, it

would be necessary to know in advance the behaviour ofthe coming seasonal rains. Part ofthe

aim ofthis studytherefore, was to understand the inter-annual patterns and mechanisms ofrainfall

variability overthe tropical highlands ofAfricaand its predictability potential in the context ofkey

tropical oceanfatmosphere parameters. A number ofinternational researchers have done studies

on rainfall variability over Africa at different time scales and its association with global

teleconnection indices withaims offirstunderstanding its variability and mechanisms thereofand

second to be able to predict these rains. Few studies however, have been done by local scientists

on the behaviourof the climate system over the tropical highlands ofAfrica and its association
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with surrounding- ocean-atmosphere system. An effort is made therefore, to create this

understanding locally.

It is anticipated that seasonal rainfall over some areas of Africa is modulated by global oceanic

and atmospheric phenomena (ENSO,QBO, etc) and their variable 'uptake' in regional

oceanic/atmospheric thermodynamic and circulation patterns. Firstly, efforts have been made to

identifY arid document the spatial and temporal pattern of rainfall and temperature over the

continent of Africa Secondly to identifY and document the spatial and temporal pattern ofthe

oceanic and atmospheric parameters (at low levels) over the tropical Atlantic and Indian Oceans.

Association between temperature and rainfall overAfrica, and marine environmental indices have

been investigated. Finally the predictability potential of ioter-annuaI rainfall over the tropical

highlands of Africa usiog the identified environmental parameter key areas has been explored.

In carryiog out this study different data sets and data analysis methods havebeen used. A recently

iotroduced technique, the Wavelet Transform (WT) was employed to study spectral

characteristics ofdifferent time series. In this stud.y a number of findiogs have been made, a

summary of which is made below:

7.2.0 Summary

7.2.1 The climatology and annual cycle of climates over sub-Saharan Africa

The adequacy ofgridded monthly raiofall and temperature data from CRU was iovestigated. The

CRU data was found to compare well with observed station rainfall data or groood truth between

1965-1995. Gridded raiofall data was compared with station rainfall data extracted io the same

box for the 1965-1995 period. The correlation coefficient between the two time series was foood

_to be 0.79 significant at 95% level. TheNCEP re-analysis long term seasonal patterns, in the area

70oW-llOoE, 30oN-40oS, has also shown to compare wellwitli previous COADS data used in

other studies. The NCEP re-analysis was also used to study the climatology of tropical Africa

thermodynamic andcirculation climatology over the Atlantic and Indian Oceans (Mulenga, 1999).

By sampliog a few modes ofrainfall variability results show that about 50% ofrainfall variability

is due to the annual cycle and 10% due to ioter-annual variability. Patterns"with loading away

from the equatorial belt have shown high amplitudes at an oscillation period ofl2 months; which

reflects movement of the soo. Loading patterns within the equatorial band displayed relatively
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high amplitudes at two periods; one at 12 month period and another one at 6 month period. These

are the areas where the sun crosses twice in a year. Further it has been shown that there are

periods when annual amplitudes are high and otherperiods when they are low. It is proposed that

inter-annual variability "modulate" the annual cycle.

7.2.2 Inter-annual spatial and temporal variability

In chapter two, it was demonstrated that conversion ofPC loadings to key areas is acceptable.

. The selected PC modes may therefore, be assigned physical meaning. Analyses of the key area

time series have revealed annual and inter-annual variability ofdifferent parameters. Frequency­

time representations ofkey area time series have shed light on the stability of climate systems.

Some key areas maintained similar frequency patterns for the whole period, whilst others have

shown disjointed frequencypatterns. Dominant frequencies are in the range 2-4 years and in many

cases, amplitudes evolve similarly for rainfall and SLP as expected. Synoptic features associated

with the major modes of climates around Africa have been identified. Principal mechanisms

responsible for these majormodes have been·speculated and explanations as to howthey influence

inter-annual rainfall variability over the tropical Africa have been given.

The PCA analysis on rainfall, temperature, SST, SLP and U andV windcomponents with annual

cycles yielded a number ofhomogeneous regions with their first mode depicting annual cycles.

PCA (with annual cycles) yielded 12 and 7 homogeneous rainfall and temperature regions, over

the African continent south of IO"N, which explained a total of81 and 91 variance respectively.

PCA on marine environmental parameters over theAtlantic and Indian Oceanrevealed a number

ofhomogeneous regions, some of which could be associated with synoptic systems. Similarly

PCA was performed on the above data after removing the annual cycle. Coherent SST, SLP, U

and V wind patterns were identified over the Atlantic and Indian Oceans. These patterns were

derived using principal component analysis on data after removing seasonal cycles. The fact that

similarspectral patterns could befound in target and environmental data it could beproposed that

an interrelationship between the cliniate component do exist.

Most ofthe environmental parameter coherent patterns are located over the tropical belt of the

Atlantic and Indian Oceans. In some cases they simultaneously evolve over the two oceans. Air
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temperature and rainfall coherentpatterns depict the nature and seasonalityofclimates oftropical

Africa, south of looN between 1965 and 1995.

Many of these patterns have shown oscillation periods between 2-6 years. SST and U wind field

patterns over the central east Indian Ocean in the equatorial belt, have shown strongllarge

amplitude in the 2-4 year period which is similar to ENSO signals. Coherent patterns over the

tropical Atlantic Ocean meanwhile, have shown high amplitudes in the 2-6 and 8-l2-year

oscillationsperiod. Mostpatterns in the tropics do not showhigh amplitudes in the decadal range,

except a few in theAtlantic Ocean (periods above 10years should be treated with cautionbecause

ofthe length ofrecord used). It has been shown that southern Africa rainfalls have amplitude in

the 2-4,4-6 and 8-14 yearperiod while rainfall overeast Africa has amplitudes in the 2-4 and 4-6

period bands which may suggest that rainfall over southern Africa couldhave stronger influence

from tropical Atlantic Ocean than rainfall over east Africa

7.23 Relationships between inter-annual rainfall and temperature, and environmental

parameters over the Atlantic and Indian Oceans

Direct factors in rainfall variability are the SSTs in the moreproximate oceans that in turn respond

to Pacific ENSO events. Associations between targets and environmental parameters are sought

to help in the identifications ofpotential predictors. Results from correlation analyses revealed a

number ofenvironmental parameters, over some key areas, to be associated with rainfall over

some areas of tropical Africa Teleconnection indices, like QBO, ENSO have· shown good

association with southern Africa rainfall at lag zero. But the relationship is not good with east

Africa f<linfall.

'Pockets' of relationships between environmental parameters, over key areas and continental .

Africagridded rainfall have been identified. Some environmental parameters have revealed good

association with rainfall and temperature over some areas of the tropical highlands of Africa

Some indices have shown correlation patterns sirnilarto those of ENSO. The behaviour of

temperature variability over the west coast ofAfrica and the Congo basin seems to be closely

associated with temperature variability over the Atlantic Ocean. With a cold Atlantic Ocean over

the Benguela area and the Gulf of Guinea, cold temperatures over the west coast of Africa,

including Angola, Gabon and the Democratic Republic of the Congo are expected. High
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pressures over the Benguela and the Gulfof Guinea are related to cooler temperature there and

therefore these cooler temperatures affect the thermodynamic situation over west Africa Nino3

and IndSLPa are positively correlated with temperatures over central and southern Africa and

are negatively associated with temperatures over the west coast ofAfrica.

Correlation coefficient patterns revealed by the outward correlations suggest typical scenarios

which could bring about wet and dry conditions over the tropical highlands of Africa These

modes, over tropical equatorial belts of the Atlantic and Indian Oceans, have been shoWn to

explain rainfall up to about 25% over some areas ofAfrica south of! OON. Temperatures over the

continent are well correlated with SST modes over the equatorial tropical oceans and some of

these explain more than 64% of temperature variability over some areas of the continent

The graphical comparison between time series of rainfall target key areas and environmental

parameter key areas have shed some more light on the potential ofpredictability ofrainfall over

the tropical highlands ofAfrica. Cross-wavelet spectral results over the two areas have revealed

that coupling ofIainfall and environmental parameters over some key areas occur in the 2-3,4-8,

10-12 year period bands. The time delay results indicate that there is no clearpicture as to which

parameter leads. The ossilIations are not always in phase nor exhibiting constant lags. ]be

unharmonious nature of these features could sometimes undermine predictability in statistical

context. So the idea ofreviewing predictor relationships in a time varyingmanner is well justified.

An explanation ofphysical associations betweenrainfall over the tropical highlands ofAfrica and

environmental parameters over the designated action centres is proposed in the following section.

Scenario for wet and dry situation are proposed using the diagrams in fig 7.1 and 7.2. In fig 7.1

the West Indian Ocean (Wl0) is relatively warm and the East Indian Ocean (E10) area is cool as

well as the East Atlantic Ocean (EAO) is cool. The thermodynamic state of the Ocean sectors

above suggests relatively lower and higher pressures over the western and eastern Indian Ocean

sector respectively. This setup establishes an east-west pressure gradient and hence easterly

anomalies over the Central Indian Ocean (E10). Low SSTs over the east Atlantic Ocean sector

suggests high pressure and a possibility ofstrengthening ofwesterly anomalies. A convergence

ofmoist easterly wind anomaly from the Indian Ocean and westerly wind anomalies from the
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Atlantic Ocean is expected over the West India Ocean and eastern Africa. The southern Africa

region is less active at this time due to a possible eastward shift ofconvergence due to the wanner

west Indian Ocean fig 7.1. Fig 7.2 depicts a situation when eastern Africa is dry and southern

Africa is wetter. This second scenario is such that the western Indian Ocean is cooler and the east

Indian Ocean is wanner. The Atlantic Ocean which is relatively wanner maintains a relatively

weak westerly wind anomaly. The cooling over the western Indian Ocean could be attributed to

the upwelling off the Somali coast. In this situation a west-east pressure gradient is established

resulting inhaving westerly wind flow anomalies over the central Indian Ocean thus drying eastern

and the western Indian Ocean. Southern Africa is wet during this time due to convergence of

moist air from the Indian Ocean-and the Atlantic Ocean.

7.2.4 Predictability of rainfall over the tropical highlands ofAfrica

Auto-eorrelation analyses ofpredictors and predictants indices revealed persistence ofup to-six

months. Seasonal lag correlations between seasonal gridded rainfall and seasonal

oceanic/atmospheric indices show good association of up to three month lags. Over southern

Africa more environmental parameters show good association than over east Africa. This

suggests that rainfall over southern Africa is more predictable than that over east Africa. The

MAM seasonal rainfall over east Africa indicates stable association for up to about six months ­

with SST anomalies overNin03 region and zonal wind anomalies over the eastern Indian Ocean.

Results ofcorrelations between seasonal data at season lags zero, one and two are higher than

when monthly data were used. This could be due to the inherent nature ofmonthly rainfall data

not being continuous.

7.3 Conclusions

A number of features over the Atlantic and Indian Oceans have shown good association with

some areas over the African continent. This is reasonable because the direct factors of rainfall

variability are SSTs in themore immediate Oceans. Veryfewpatternshave shoWnpersistence and

stability up to six months lag. Rainfall over east Africa is difficult to predict especially during the

MAM season. Nin03 and zonal wind over the eastern parts of the Indian Ocean have shown

stability in respect to rainfall over the east Africa key area. It could be said that there is an
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interplay between the components of the climate system. There exist oceanic/atmospheric

parameters, over homogeneous regions in the equatorial Atlantic and Indian Oceans which can

be used to forecast seasonal rainfall up to three months in advance.

. 7.4 Recommendations for further work along these lines

Efforts shouldbe done to increase more marine observations over the Atlantic and Indian Oceans·

and studies to forecast SSTs over these ocean basins done, as is over the Pacific Ocean.

Numerical studies should be enhanced to betterunderstandprocesses involved in the ocean basins

adjacent to the African continent.
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Figures for chapter four. Figure numbers are given in alphanumeric
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Fig. App4a: Plots of: {a} Inter-annual SST AtlDipole time series index (top left),
{b} annual variabilty of SST AtfDipole (top right), {c} modulus of the wavelet transform
coefficient for inter-annual variability of SST AtfDipole (bottom left), (d) box for ssr
AtfDipole key area (bottom right).
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Fig. App4b: Plots of: (a) Inter-annual SLP AtlDipole time series index (top left),
(b) annual variability of SLP AtlDipole (top right), (c) modulus of the wavelet transform
coeffident for inter-annual variability of SLP AtlDipole (bottom left), (d) box for SLP
AtlDipole key area (bottom right).
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Fig. App4c: Plots of: (a) Inter-annual Zonal wind AtI+Ind time series index (top
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left), (d) box for Zonal wind AtI+Ind key area (bottom right). .
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wavelet transform coeffident for inter-annual variability of Meridional wind Atll (bottom
left), (d) box for Meridional wind Atll key area (bottom right).
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(a)Std. Indonesia SLPa (1.5-16 Years) (b) Std. Indonesia SLPa (Ann. Cycle)
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Rgures for chapter five. Rgure numbers are given in alphanumeric
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Fig. app5a: Correlation between continental Africa gridded rainfall and environmental indices.
Dashed (continuous) lines represent negative (positive) Correlation coeffidents. (a) Correlation
btw rainfall and SLP Ind-AtI, (b) Correlation btw rainfall and SLP Atldipole (c) Correlation btw
rainfall and $LP northAtI
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Fig. app5b: Low frequency variability of southern Africa rainfall (Filtered using an IS-month
Gaussian filter) (bold) and U Ind (thin) for the period August 1965-May 1995. Modulus cross­
wavelet spectrum coefficients of southern Africa rainfall and U fud; comparing cycles in the two
time series (middle). Time delay between southern Africa rainfall and U Ind (bottom), where U
fud leading is -ve
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Fig. app5c: Low frequency variability of southern Africa rainfall (Filtered using an 18-month
Gaussian filter) (bold) and -(Indonesia SLPa) (thin) for the period August 1965-May 1995.
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comparing cycles in the two time series (middle). Time delay between southern Africa rainfall and
-(Indonesia SLPa) (bottom), where -(Indonesia SLPa) leading is -ve



App-9

Std. East Africa Rfn and SST (Ind-AtI)
4,,-------,-----.------r-----,---,--------n

3

UI 2
E'!-e 1
Cl!
c-
<lJ 0 1f--\-II:-'r-tW\--H'\---:c-f--f---H'-+\++:l---cI+-+~>A-I--f:J,L_hr___ll__4_rl
Q"

:E -1
(fJ

-2

-3

66 70 75 80 85 90 95

Cross-wavelet Spectral Modulus of East Africa Rfn and SST (Ind-AtI)

0.7

m ~ 00 ~ 00 %
: "'~it,;~f-~I-.rl"I+.lIIiiil•••1iii

0.1 0.2 0.3 0.4 0.5 0.6

Time delay Btw. East Africa Rfn and SST (Ind-Atl)
20

10

.,
.c
C 0
0
::;;

-10

-20
66 70 75 80 85 90 95

Years

Fig. appSd: Low frequency variability ofeast Africa (Filtered using an IS-month Gaussian ftlter)
(bold) and SST Ind-Atl (thin) for the period August 1965-May 1995. Modulus cross-wavelet
spectrum coefficients ofeast Africa rainfall and SST Ind-Atl; comparing cycles in the two time
series (middle). Time delay between east Africa rainfall and SST Ind-Atl (bottom), where SST
Ind-Atlleading is -ve
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Figures for chapter six. Figure numbers are given in alphanumeric
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Rg. app6a: Correlation between continental Africa gridded DJF rainfall and environmental parameter
indices. Dashed (continuous) lines represent negative (positive) correlation coeffidents. (a) Correlation
btw rainfall and JJA V wind component over Ind; (b) Correlation btw rainfall and SON V wind component
ver Ind; (c) Correiatrion btw rainfall and DJF V wind component over loo
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Rg. app6b: Correlation between continental Africa gridded DJF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coetIidents. (a) Correlation btw rainfall anf JJA IndSLPa; (b) Correlation btw rainfall and SON
IndSlPa; (c) Correlation btw rainfall anfd DJF IndSlPa
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Rg. app6c: Correlation between continental Africa gridded MAM rainfall and environmental
paramter indices. Dashed (continuous) tines represent negative (positive) correlation coeffidents.
(a) Correlation btw rainfall and SON $LP over eastInd; (b) Correlation btw rainfall and OJF SLP
over eastInd; (c) Correlation btw rainfall and MAM SLP over eastInd
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Rg_app6d: Correlation between continental Africa gridded MAM rainfall and environmental indices.
Dashed (continuous) lines represent negative (positive) coiTelation coeffidents. (a) Correlation
btw rainfall and SON V wind component over Ind; (b) Correlation btw rainfall and DJF V wind
component over Ind; (c) Correlation btw rainfall and MAM V wind component over Ind
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Rg. app6e: Correlation between cnntinental Afiica gridded MAM rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffidents positive correlation coeffidents. (a) Correlation btw rainfall anf SON IndSLPa;
(b) Correlation btw rainfall and DJF IndSLPa; (c) Correlation btw rainfall anfd MAM IndSLPa
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