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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 témperature data are gridded -
at a resolution of 2° x 2° latitude, longitude and based on convertional station data reports
(University of East Anglia CRU data set) in the domain 10°N-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 30°N - 40°S, 70°W - 100°E. 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 10°N, which explained a total of 81 and 91 variance respectively.
PCA on marnne 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 lag 0, using monthly data. Some modes of marine eavironmental
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
troplcal 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 60°E-90°E,5°N-10°S, 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 i 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 1dea of reviewing premctor—predxctant 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 Nino3 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 of Africa exists. '



PREFACE

Year-to-year fluctuations of rainfall in the highlands of tropical Affica are common because of
atmospheric-ocean interaction. Vanability of rainfall in tropical Africa has a major influence on
vegetation, animals and human activities. This 1s 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 ram-fed crops, which renders its society vulnerable to
ramfall fluctuations. Inter-annual fluctuations of seasonal rainfall impact on hydro-power
electricity and the planning of agricultural activities (e.g., selection of the n,,ht variety of crops).

Reliabie predictions can mfonn policy makers and water authorities.

The availability of accurate, reliable and timely seasonal forecasts rest on an understénding 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 of life.

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 surrouilding ocean-atmosphere system. One question, for
example, which is yet to be fully answered, 1s: Why do extreme ENSQO 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 wolld have caused extensive drought over southern Africa. Fortunately, this never
happened.

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

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 Africa and
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its relation to regional/global metecrological 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 of predicting seasonal rainfall,

The specific objectives of the research

- To identify major patterns of rainfall and temperature variability at the inter-annual time scales
over the study area e.g. Africa south of 10°N, and identify the nature of the variability. This will
" be achieved by analyzing available observation/model derived data. '

- To identify major patterns of SST, SLP, Zonal and Mendional wind components variability
~over the Indian and Atlantic Oceans between 70°W-100°E, 20°N-40°S at the inter-annual time
'scale and identify the nature of varability. This will be achieved by analyzing available
observatlon/model derived data.

- To 1dentify the role of remote SSTs and associated teleconnections in modu!atmg inter-annual
~ rainfall over the tropical highlands of southern Africa.

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

- To investigate whether the zonal circulations of the Atlantic QOcean interacts with
thermodynamic energy released over the Indian Ocean. '

et

-~ 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




correlations are also performed in this chapter. In this chapter, relationships between rainfall over
east and southern Afiica in the various period bands are studied using cross wavelet spectrurn.
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 Afnica. 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 suminarises major findings of the study and conclusions.
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CHAPTER 1
1.0 Imtroduction

Year—to-yeaf fluctuations of rainfall in tropical Africa are common as a consequence of
~ atmo spheﬁc-ocean Interaction aild other processes. Variability of precipitation in tropical Africa
. has influence on vegetation, animals and human activities. This is particularly true in semiarid
climates, whe.re a departure frorﬁ 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
* viilnerable to seasonal 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
~ varlety of crops). Reliable prediction of climatic anomalies can be of importance to policy makers |

and water authorities.

The availability of accurate, reliable and titﬁe!y 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—aimual, and intra-seasonal rainfall
variation, and their relation to regional/global 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 intluence
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 southem 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 tolook 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 of seasonal rainfall over the lropics pose a problem to farmers and _.
Water resource managers and related industries. This becomes an even more serious problem
* when extreme cases of dry or wet seasons occur 2-3 years consecutively. Fannérs, water resource
managers, economic planners and others would be well prep;ared if they were able to adjust to
what is going to happen in t‘ne. coming season. In order to be able to predict seasonal climates
therefore, there is a need to identify patterns of climate vanabﬂlty on the inter-annual time scale'
- over tropical Africa and its relation to regional/global 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 Objectxves

The inter-annual vanablhty of seasonal rainfall over troplcal hlchlands of Africa is beligved to
“be related to the relative strength of subtropical highs and the ITCZ, and associated monscon

iﬁﬂow. These factors affect the Southeastward sﬁift of the meridional arm of the 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 Basih and surrounds.

Sea surface temperature variability over the Atlantic and Indian oceans controls a'poﬁion. of the
A climate of the region at the inter-annual time scale and affects the loéal uptake of global climatic

signals. -

The study is aimed at identifying regional ocean-atmosphere parameters which influence inter-
annual rainfall variability over the highlands of tropical 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 identify the nature of the
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 70°W-100°E, 20°N-40°S at the inter-annual time scale and
identify the nature of variability. This will be achieved by analyzing Model-interpolated
observational data.

- To identify the role of regional/global SSTs and associated teleconnections in modulating inter-
annual rainfal! 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 10°N and 34°S and between 20°E and 40°E with elevation above
1000m

1.4.2 Climates of the study area

The mean state of atmospheric motion is mainly due fo latitudinal temperature differences, the
distribution of continents, oceans and major surface topography. The heating of the 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. Through 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: (1) above 1000m elevation in Africa (2) Zones of inter-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 of the study area is described, which
for convenience is subdivided into three parts, i.e., east, central and southern Africa.
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Fig 1.1 Relief map of Africa showing rivers. Topographic heights given in the scale



1.4.2.1.0 Annual cycles

1.4.2.1.1 East and central Africa

East Africa has two major rainfall divisions, the bimodal area and the unimodal area. The
bimodal area has two rainy seasons, (October-December) and the (March to May). The unimodal
division has one rainy season (November- March). The climate of this area can best be described
as that of dry and wet tropics with a distinct dry season. The dry season normally coincides with
the austral winter (June-August). The outstanding feature of tropical African precipitation is the
marked annual cycle. Many stations have several months with no precipitation, whereas the
wettest months have an average of 200 mm or more. The coefticient of variability of precipitation
is greater than in the equatorial lowlands (Critchfield, 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 (EAMD, 1963; Alusa and Mushi, 1973),
with the highest totals in January and February. Synoptic features and wind flow patterns which
produce rains in this part of Africa are complex. Studies done by Griffiths, (1959); Nyenzi, 1988
and Ogallo, 1989 suggest that the inter-Tropical convergence zone (ITCZ) is the major source
of rainfall in the region as it moves North and South of the Equator lagging behind the solar
angle. Monsoon winds and subtropical high pressure systems also influence the rainfall pattern

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;). Apart from the area near
Cape Town, southern Africa receives its rainfall from November to March, the Austral summer.
Summer rainfall over southemn Africa is mainly convective and is associated with the
introduction of moist air from the tropics, via mendional cloud bands (Harrison, 1986). Summer
rainfall can also be associated with easterly waves from the Indian ocean and the interaction of

westerly wave disturbances in the south.

Observational records have revealed that seasonal rainfall over the study area varnies from year
to year. [t 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 with precipitation variability at the
inter-annual time scale are discussed. Forecasting of seasonal rainfall using statistical models

| ﬁu also be discussed.

14.2.2. 0 Inter-annual rainfall varlablhty over the study area.
-Studies on temporal and spatlal aspects of climates have recently revealed remote influences
from the Pacific Ocean, El Nino Southern Oscillation. Potential regxonal/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 ﬂme scale have been done over
southern Afnica. O\}er East and central Africa fewer studies Have been done mainly focusing oﬁ
the bimodal rainfall areas and ignoring the unimodal rainfall areas. The importance of these
unimodal rainfail areas for Tanzania lies in the fact that the major cereal producing region and
catchment areas for the rivers whicil have been tapped for hydroelectricity power generation are

located in this area.

The spatial .and temporal vanability of fainfall over the continent of Africa with its relation to
regional and remote atmospheric and oceanographic parameters haverbeen studied by many
rreséarchérs among them are Nicholson, 1986; Nyenzi, 1988; Mason, 1992; Janowiak, 1998;
Mulenga, 1998. Monthly precipitation dvcr different parts of Africa oscillates at different
periods from 2-10 years (Tyson, 1980; Nicholson,1986; Nyenzi, 1988, Jury and MbQueen,_
1993).

Over East Aﬁ-ica precipitation oscillates with domjnént penodicity of between 2.3 and 5 years,
which appéar to be related to Quasi-biennial oscillations and ENSO events respectively. Using -
rainfall data from Tanzaman stations similar, results were revealed by Jury and McQueen,
(1993).

Over southern Africa a number of dominant periods of oscillation in precipitation have also been
revealed. Among the dominant periods of oscillation are the Quasi-biennial oscillations (2-3

year), the Southern Oscillation with a period of 3-Syears, the 1 I-year solar cycle and the 18-year
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cycle (a Luni-solar 1ide). Using station data from 1910 to 1977, Tyson (1980) analysed rainfall

anornalies over southern Africa, south 0f 22°8 and revealed the existence of 18-20 year periods
in the data.

Mulenga 1998 who performed principal component analysis on DJF rainfall anomalies over
southern Africa, identified four regional scale spatial coherent rainfall pattemns whose loadings
centred over Angola, northern Malawi, easterﬁ 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 elg.lergy around the (8 fear periods.

Using precipitation data from 1901 to 1973 Nicholson (1986} found six spatial modes of
precipitatidn variability over Africa. Dominant patterns were those with the same sign over the
whole continent and another with out—of—_ phase relationships between precipitation over tropical
and subtropical areas of the African continent. Spectral energy of ihe 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 vanance 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).

1.5.6 Causes of climate variability

Precipitation oﬁ:r the tropical highlands of east 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 of Africa is associated with the passage of
easterly ﬁaves and MJQ. Further south the passage of temperate 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 ITCZ (Inter-tropical
Convergence Zoné) is associated with two rainy seasons which normally occur during March-
May and October- December. Over the southerm areas of East Africa only one ramy season is
observed which nonnally occurs from November to March. The ITCZ, over east Africa isa
result of low-level convergence of airmass from the two hemispheres which constltu_te the
moﬁsoonal flow. Easterly waves are also associated with precipitation at the coast of Easf Affrica
(Lumb, 1966; Nyenzi, 1988). Rainfall in east Africa is also associated with low-level westerly
wind (Nakamura, 1968; Mpeté, 1997; Wairoto, 1997). Westerly winds within the tropics at low
and middle levels, accorripauied with widespread deep convection, are normally associated with
- passage of the 40-60 day MJO (Madden and Julian, 1971). Southern Africa rainfall variability
has been assdciated withanumber of regi onal circulati on anomalies (Miron and Lindesay, 983;
Tyson, 1984; Lindesay and Jury, 1991). These circulatibn anomalies could be linked to
interactions between tropical and westérly wave distur‘bances, variability in the. strength of
-trOpicai easterly and temperate westerly disturbances and rvariability in the intensity of -

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

‘The variability of the 5 00 hPa circulation field has been linked to precipitation variability over
‘southern Africa (Tyson, 1984). High rainfall amounts over central parts of south Afiica is
associated with a trough axis over Namibia, Botsﬁma and central Africa. It was also revealed
 that rainfall variations in southern Africa were associated with the interaction of easterly
disﬁu‘bances from the tropics and temperate westerly disturbances. For example, Lindesay and
Jury, (1991) found that interactions between f:‘fopical easterly waves, from the south-west Indian
ocean and mid-latitude westerly wave disturbance resulted in the floods of Februéry 1988 over -
south Africa. |

1.6.9 Inﬂuénce of Atlantic and Indian Oceans on African i‘ainfall

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 (1 986) it was
found that over the Sahel, tﬁe Atlantic and Pacific SST fields induce changes in rainfall whereas

the Indian Ocean influence is more Limited.
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Ward (1998) reported some association between precipitation in Guinea and eastern equatorial
Atlantic SST anomalies at the imter-annual time scale. The Indian Ocean SSTs play a more
pivotal role in precipitation vanability over the highlands of east Africa and a2 number of studies
have indicated this relationship. In their modeling studies Arpe et al., (1998) demonstrated how
moderate changes in northern Indiah Ocean SSTs affect the Indian summer monsoon. A
relationship between summer rainfall in Zimbabwe and Indian ocean SSTs was found by
Makarau and Jury, (71 997). 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 éigniﬁcant rainfall anomalies over southeastern Africa. An
association between summer rainfall over some parts of central and eastern south Africaand 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 daring October-December and SST anomalies i certain oceanic areas. There was however,

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

1.7.0 Teleconnections ‘ _

Circulation regimes that alter the preferred location of tropical convection (Harrison, 1986) and
" the Inter-Tropical Convergence Zone (ITCZ) determine year-to-year fiuctuations in rainfall over
highlands of tropical Africa. Studies undertaken by Ropelewiski and Halpert, (1987); Janowiak,
(198R), haverevealed that E1 Nino-Southerﬁ Oscillation warm event in the equatonial Pacific and
Indian Oceans are associatéd 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 of upper westerly flow throughout the region
during warm events, result in a concomitant decline (increase) in moistwre confluence over
southern (eastern) Africa (Hastenrath et al., 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 of Africa witha ﬁme lag of the 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
al., 1993) which bring about zonal overturmning 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 vanability affects rainfall over the
wesf;zrn half of southem Africa (Jury, 1996). However, there are still many questions to be
answered: How dbes the Atlantic zonal circulation respond to local and remotely driven SST
| ~ foreing (e.g., ENSO, N-S dipole): How does Congo Basin convection spread across tropical
highlands of tropical Aftica? ' |

1.8 Forecasting seasonal rainfall over the highlands of tropical Africa

Forecasting of seasonal rainfall is a serious cha}lengertb climatologists all over the world and in
particular oﬁer the African continent where most countries depend on rain-fed agricdlmre. The
“poor state of the economies obliges péople to maximise the use of available 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 prorni.sin'g. Dynamical or
numerical prediction is difficult for most African countries because of the operational resources
‘required. Statistical modelling is within operational capabilities in most national meteorological
centres in Affica. | _ | _
~ The science of Iong—range—forecasﬁng started mdre than one hundred years ago in India whenr
attempts were madé to forecast the seasonal monsoon fainfall. The first long range forecast of
summer monséon rainfall over the whole of India and Burma, which was based on the extent of
Himﬁlayan Snow covef, was issued on June 4, 1886 by Blanford, (1884). Since then the seasonal
‘monsoon rainfall forecasts have been issued by the Indi_a Meteorological department every year
and efforts have been continved 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 of point-to-field correlation mapping
and developed aMultiple Regressmn model (Walker, 1910) for forecasting the monsoon rainfali
over India. Since then, the correlatlon technique is widely used, in one form or another.

* Recent efforts have resulted in the development of new types of LRF models namely, dynamic
 stochastic transfer (Thapliyal, 1982, 1990), Parametric (Gowariker et al., 1989) and Power
Regression (Gowariker, 1989, 1991). Initial attempts at forecasting seasonalrmnfall used asingle
parameter to forecast rainfall. These types of forecasts were later discontinued as they did not
exhibit reasonabie accuracy. In 1907, Sir Gilbert Walker (1910) introduced an objective method

of correlation 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 comelation technique, will persist in the future also. The
first multple regression model based on this principal, contained four predictors namely, the
Himalayan snow ac cumulatioﬁ at the end of May, 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 of the world. Despite wide use, the correlation
technique has limitations. For example, Thapiiyal (1987) found that surnmer monscon rainfall
' forecasts were correct on about 65% of occasions. 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, Thaphyal 1991,

~ Over southern Africa, many researchers have developed scasonal forecasting models (Juryetal,
| 1999). The Multiple regression technique is the method of choice, whilst composite and
principal component analyses are the main diagnostic tools. Using PCA 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. Aftempts at creating a seasonal forecasting mode! in Tanzania have been done by Nyenzi
et al., (1997). The parametric model attempted to forecast MAM, OND, and O-A (October to
April) rainfail 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
predictor parameters. This spatially aggregates the variables. The correlation technique employed
used to identify prcdictor. parameters which are significantly associated with the respective

predictand (target).

1.9 Statistical modelling of rainfall : C e

Some of the common modelling techniques used, are: Persistence, Analogues, quasi-periodic,
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multiple regression, Parametric, Dynamic (numerical), canonical correlation analysis (CCA), etc.
In this study multiple regreésion 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 fdrecast element, found in the past by the correlation technmique .will remain the
same in future. Though this techniqixe 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 thése chaﬁge with time 1 both magnjtude and in therr sigﬁ {Rao, 1964; Thapliyal,
1986). In order to avoid thlS problem the India Meteorological Department updates their models
evéry 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 predicfors for rainfall ovér east and southemn Africa haﬁe been
identified in chapter 5 and shall be used to create forecasting models for these areas.

Rainfall variability at the annual time scale over the tropical highlands of Africais controlled by
the north—soutﬁ movement of the sun. Observations show that the seasonal totél is signiﬁcar_ltly
modulated. Similarly the spatial distribution of rainfall is different for different areas duetoa -
number of factors such as differences in topogrﬁphy, prevailing wind regimes, and passing storm
tracks. Research work has established that rainfall over a larger part of the tropical highlands of
Africaisinfluenced by the ENSO phenornencm, though its influence 1s not entirely deterministic.
~ Evenin the absence of extreme of ENSO cases drought or flood conditions may be experienced.
Hence, other regional features must influence inter-annual rainfall variability. - -

A number of research works have been done over east and southern Africa on mechanisms of
rainfall vartability at inter-annual time ‘scale (Nicholson, 1986; Nicholson and Entekhabi, 1987;
Nyenzi, 1988; Ogalld, 1989; Walker, 1989; Mason, 1992 and Mulenga, 1998). Most of these
studi¢s have put emphasis on the association between rainfall, ENSO and SST ovér the Atlantic
-;md Indian Oceans. Walker, {1989) analysed SST associations from the south-west Indian and
Atlantic Oceans (0‘5—408; 20°-70°W). Similarly Masdn( 1992) studied the association of southermn
Africa rainfall and SST over the Indian and Atlantic Oceans in the domain 0-50°S, 70°W-70°E.
- Mulenga (1997) used SST monthly time series data (1950-1991) from the United Kingdom
Meteorological Office (UKMO) and performed PCA 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
Aﬁica 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
r-neridi.oual (V) wind components over the Atlantic and Indian Oceans in the domain 20°N-40°8S,
70°W-100°E 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 southemn Africa.

This study 1s 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 témporal patterhs 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
vaniability over the tropical highlands of Afnca 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 ovér

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

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

- gridded kiner.ﬁatic and thermodynamic data are considered. Station rainfall data from Tanzania are
used as a reference, buf the even data coverage of the CRU gridded rainfall is advantageous in
statistical hnalysis; The period 1963-1995 was chosen for the study because it was found that there
wére few missing data in the COADS data set. For climﬁtologiéal 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) 7

~ The Comprehensive Ocean Atmosphere Data Set (COADS) is an extensive collection of surface
marine data available for the worid ocean. COADS is a result of a continuing cooperative project in
the National Oceanic and Atmospheric Admimstration (NOAA) — specifically its Environmental
Research Laboratories (ERL), Natioﬁal Climate Data Centre (NCDC}, and Cooperative [nstitute for
Research in Environmentai sciences (CIRES) conducted jointly with the University of Colorado --
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
stafistics were extracted from the Indian and Atlantic Oceans in the domain 30°N-40°8,70°W-100°E
for the period 1965-1995. The period 1950_41964 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. [n order to increase coverage,
marine observations from ships, fishing vessels, and surface oceanographic measurements were
combinéd. The data is accumulated into 10°x10° Lat./Lon. grid boxes from which inter-annual

patterns are extracted for the Atlantic and [ndian Oceans.



2.12 Climate Res-earch Unit (CRU) data

Gridded mouthly rainfail and temperature data for continental Africa were obtained from the (Climate

Research Umt -University of East Anglia, 1998). The 2°7 latitude/longitude gﬂdded 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 déta. The 3 minuté

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

temperature. Uniform gridded data were obtained by interpolation of irregular station data. A thin-

plate spline technique was used to interpolate the mean climate surfaces as a function of latitude,
* longitude and elevation. The technique is robust in areas with sparse and irregularly spaced data_as

Vis the case in Africa (Wahba, 1979). Hutchinson (1995) provides a theoretical descriptionlof its

application to surface climate variables such as precipitation..

2.1.3 NCEPdata o

~Kinematic and thénnodynamic ' 're-analysisA data were obtained from the National Ceﬁtre for
Environmental Prediction (N CEP) The re- analysm prGjCCt which 1s a joint pro;ect between NCEP -
and NCAR, (Kalnay etal., 1996) and i is aimed at producmg a 40-year record of global atmosphenc '
fields. The projectisinvolved in the recovery of land surface, ship, ra\_mnsonde, pibal, aircraft, satellite
and other data; quality cbntrol and assimilating the data with a system that is kept ﬁﬁchangéd over
the re-analysis period 195 8—1998. This type of approach eliminates perceived cliiﬁate jumps
associated with changes in the data assimilation system. Table2.1 gwes a c1a551ﬁcat10n of the selected
parameters according to relative influence of observational data and the model on the gridded -
variable. Mean monthly temperature, geopotential height, zonal and meridional wmds, and sea level
pressure, and vertical.veloc_:ity were retrieved for all levels between 1000hPa and 100hPa inclusive,
while relative humidity and specific humidity were retrieved between 1000hPa and 300hPa lévéls
inclusive. Stream function and velocity potential were available at two levels, i.e., 85()hPa and

* 200hPa. Other inteprated variables like precipitable watér 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 climatological studies, such as by (Webster et al., 1999; Hastenrath, 1999, 2001). -



2-3

Table2.1: Classification of parameters according to observational data and the model on the gridded

variable
CLASS A : CLASS B
PARAMETER UNIT PARAMETER . UNITS
Zonal wind ms’! Surface pressure hPa
Meridional wind m st Specific hurnidity
Pressure reduced to msl 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 élthough there are observational data that directly affect the value of the
variable, the model also bhas a very strong influence on the analysis value (e.g., humidity and surf_ace
temperature). ' -

214 _ Station Raiufali data _ _

Station monthly rainfall data for the period 1965-1995 were available from: the Tanzania
Meteorological Agency listed in table 2.2. The Southwestern area of Tanzania is considered. Statibn
monthly rainfall data is used to cross-check the adequacy of gridded rainfall data from CRU which
1s used e;;(te;ﬁsively in this study. Monthly station rainfall averages, within the box 30°-36°, 4°S-10°S,
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 a\}erages and

monthly gridded rainfall 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 NUMBER | LATITUDE LONGITUDE
Nzega Boma 0433000 4.3° 332¢
Tabora Met 9532012 51° 328
Mwanha.la 9433002 4.4° 33 l';
Mpanda _ ' 9631005 3° 313°
Kigoma Met. 9429018 4.9° 29.9°
Singida : ' 9434001 48° 1347

| Kondoa 9433025 4.9° 35.8°

1 Manvoni 9534000 5.7° 34.8°
Dodoma Met. { 9635001 6.2° 35.8°
Inpea Met. : 9735013 76> 35.8°
Luponde 19934013 9.5° 347°
fghenge 9934024 9.5° 318
Niombe Wattle ' 9934015 9.4° 34.7°
Songea 10035010 107 356
Peramiho 10035006 10.5° _35,5°
Helvetia 9934027 96° 35.7°
Igeri Agriculfure 9934029 9.7° : 3367
Niombe bomani 9934001 9.3° 34.8°

hunva 9833002 §.5° 3340

Mbeya Met, 983300t 8.9° 33,5°
Luiga ' 9835022 7 8.6° 333°
Tfupira 9835019 B.5° ' 35.4°
Manseut 9835034 86> 35.3°

| Chivanjee _ 1 9933016 - : 9.4° 33.7°
Kilima 9835009 8.6° 13570
Cyela : 3010 9 62 g

2.1.5 Teleconnection Indices

2151ENSO |

E1Nino is an extensive warming of the upper Ocean in the tropical eastern Pacific lasting up to three
seasons. The negative, or cool phase of Ei Nino is called La Nina. El Nino events are linked witha
change in atmospheric pressure known as the southern 0§cillation (SO}, (Glantz, et al., 1991). The
Southern Oscillation is characterised by a see-saw in atmospheric pressure between the westem and
gastern regioné (;f the Pacific Ocean, with one centre of action located south of Indonesia and the

other centre located near Tahiti. The SOI, which is an index that measures the magnitude of SO is
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obtained by calculating the difference in atmospheric surface pressure anomalies between Tahiti and
Darwin Australia. As the SO and El Nino are closely linked with each other, they are collectively
known as the El Nino - Southern Oscillation, or “ENSO”. Another measure of the magnitude of El
Nino events, is sea surface temperature averaged over a specific region of the Pacific Ocean, such
as the Nino3 region which extends from 150°W to 90°W and 5°N to 5°S. The return period of El

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

also varied yet predictable to some degree. Typically, it lasts anywhere from 14 to 22 months. ENSO

~ eventsarethose in which both El Nino and Southern Oscillation occur together. E1 Nino often begins

early in the year and peaks between the following November and january. ENSO events are known
to mﬂuence rainfall over the African continent (R()pelewskl and Halpert, 1987; Ogallo 1994) The
Nino3 SST index from 1965 to 1995 is used in this study '

2.1.5.2 Indonesia sea-level pressure anomahes

The Indonesia sealevel pressure anomaly index is the standardized sea level pressure over Indonesia.
This index has some ENSO characteristics and has been acqmred from the NOAA web site
(http/www.cde.noaz.gov/), from 1965 to 1995.

2.1.54 Quasi;biennial Oscillation Index (QBO)'

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

oscillation period of 24426 months. In this study use is made of the zonal wind index (m/s) at30hPa |

of Marquardt and Naujokat, (1997). The index is a concatenation of values at Canton Island (3°S,
172°W) for January 1953~ August 1967, Gan./Maldives (1°S, 173°E) for September 1967- 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. Néujokat (1 986) documents
the data, uncertainties in the early years due to lack of daily data, change in reference stations, and
the general features of QBO.

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 of indices which help 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 anafysis which helps to extract coherent patterﬁs in spatial data. Area averages are then
calculated for stations falling within these coherent patterns, In this way the number of data is reduced
and meso-scale features are filtered out. In order to understand the spectral characteristics of the
resulting time series & continuous wavelet analysis is done as deseribed later. Composite analysis is
also used to study the thermodynamic and kinematic features associated with dry and wet scenarios
for va.rioﬁs patterns of rainfall and temperature. Statistical assoctation 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 al., 1998). The method reduces the number
of vmiﬁbles whilst explainjhg variability within the original record (Jollitfe,1 993). PCA is done when
the original data contains grid point variables that are spatially correlated, as is in the present study
for gn’dded rainfali and temperature data over Africa; and gridded SST, SLP, U and V wind over the
Atlantic and Indian Oceans. Apﬁli;:ation of PCA thus reduces the original data to subsets ranked in
| order of importance. | |

Principal components (PCs) or modes are produced via PCA, each consisting of an eigenvalue that
quantifies the vériance, asetof loadings (eigenvectors) that describe the spatial distribution {coherent
patterns) and a set of time scores that define the evolution. The first PC is a linear function accounting
for the highest variance, i.¢., 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 of decreasing 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 of the 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 PCA follows:

Consider having P variables, then the number of parameters to be estimated shall be P- means, P -
Variances, and [(p° - p)/2] Co-variances; that is a total of (7 - p)/2 + 2p parameters. The PCA
creates uncorrelated variables such that there remain about 2p parameters to estimate, i_é., p-means
and p-variances (there are no co-variances between the variables as they are uncorrélated) these could
- be easy to estimate and interpret. So the relation of aﬁy single transformed element of the vector
vaﬁable to any external criterion variéble is independent of relation of any pther element to thaf '
criterion, and can be interpreted separately and unambiguously. When meteorological/climatological
data is collected at different stations over a region, it turns out that the data are usually correlé_tted.
If an uncorrelated vector variable is desired, the data need to be transformed. Consider a general

linear transformation vector variable z of the form

y=Vz

where Vis a P x n coefficient matrix that carries the p-elements vanable z into derived n-element

variable y. - '
The centroid or the mean of y 7

my = v'niz = 0 because m, = 0,
and the dispersion of y is

D, =y Dyv=v'Ry

where R is the correlation matrix of z (since the dispersion of a 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 becomesl is a diagonal matrix Dy. That 1s alt off-
diagonal elements of Dy must be zero. There is an infinite number of values of v fhat will yield a
diagonal Dy for any given correlation matrix R. -

The problem is to “find a unique ¥ such that Dy is diagonal”. The next restriction is fo maximize the
variances of the leading elements of y whose variances are maximized or principal components as they
are called by Hotelling (1933).

For the first principal component,‘ which will be the first element of y, and will be exp.lained by the
coefficients in the first column of y, and will be deﬁned bj the first coefficients in the first éolumn of

V {(denoted by v;), a solution is required such that the variances of y, will be maximized. The



restriction will be such that the sum of squares of the coefficients in v, be unity, i.e.,

1 2
—Jif" ZZ} Vi Imax

~ where Yy = W'z
and - v/'vy = 1 (Normalizing v,)
' ' oy , 1 owy. 32
but : ;V'—Z i=1 yli = WZ f=1(vlzi)

-2 i)

o : :
=" _A}'Z(Z:Zf )Vl = v Ry,
we want to maximize v, Ry, subjectto v,v, = 1
Let 4, = v,Rv, - /Il(viv1 - 1)

Introducing the restriction on v, to the function to be maximized via the Lagrange multiplier 4,. The

vector of partial derivatives is

¢, o
—0,,;'1- =2Rv, - 24y,
~ and setting equal to zero, dividing throughout by 2, and factoring gives
(R 2T, = 0t 1

~ which is the problem of Eigen structure of R.
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The partial differentiation results in a set of p homogeneous equations which can be written as:
v(1-4)+ wr, + vn, +.t+ vy, =0
vr, +v(1-A)+ v, +..t v, =0

v, ot v, +v2(1—/1)+...+ v, =0

VI ot VT, b Vi, et vp(l—.l)= 0

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

[ .
(1F i) B R L R I Y
5 (1_ /li) Iy , vy, ol
r ryy (1— ’Z:) s, vy 1= 0
0
| Tt ¥y Yy (1_ Ai)_] Ve | L .4

Finally, in matrix notation this becomes equation 1
The charactensnc equatum of R is a polynomial of degree p gotten by expandmg the detemnnant of

73 71 ) OO U )

and solving for the roots A. Specifically, the largest eigenvalué h, and its éssociated vector v, are
required. Letting A, be the largest root of the characteristic equation for R, we substitute it and its
vector in equation 1 which is expanded and then niultiplied by v, 611 the left:

Rv,-v4,=0

Ry = v,

v, Ry, = vvd = A

Note: v, v, =1 _

So that ) is clearly the variance of the normalized linear component of z that has maximum variance.
Next we want to find the normalized linear combination '

W= v 'z
which, out of all the components of uncorrelated with y; has maximum variance. The statlstlcal

restriction of uncorrelated ness of y, and y, is stated as
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1 &
W;yﬁyli =0
where
1 . .
' EZJ@-J’“ = }%Z(‘QZ;')(V lzi)
oy | | :
- L3 (o))
1 . '
=V, '—N_Z (Zizf)vl
_ 7 =v,'Rv, = v,'v4,
btét this can be zero only if

W'y =0
QMch states the rccjuiremé;xt of geometric onhogohality of the eigenvectors.
Introducing a second Langrange multiplier A2 to get the orthogononality restriction into the calculus
problem, it is réquired to maximize _ |
Py = V', R, - ’lz("z '~ 1):_ VI].;2'RVI
34, |

v,

=2Rv, - 24,v, - 2Zv,Ry,

- and setting equal to zefo, dividing out 2, and multiplying oa the left by v,’ gives
| | V\Rv, - Lv'v,-v»,'Ry, = 0
which reduces to
- -y v'Ry=0 |
showing that v, must equal zero and £, and v, must be the second root of the characteristic equation

2. This process may be continued to get p-1 maximal variances 4, for components y, =y, 'z

letting L be a diagonal matrix with 4, in the j* position on the diagonal, the full eigen structure of R

is given by

RV =VL
where - : Vv=yv'=1
and V'RV=L=D,
In PCA we normally compute

RV =VL
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So that 4, is the maximum value the variance of a component of 2 can have, subject to the
normalization of the vector v,. Then i, is a maximum given 1,, and so on for the remaining
gigenvalues. Each componenthas a maximum variance and ofall posSi_ble normalized linear functions

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 - thrée'modes were retained. In each case, for all }:;arameters,'

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

picked for further analysis; while the second PC mode was not picked because it was loaded overthe .

Congo/Angola areas where data is known to be unreliable. For SST, SLP data PC 1 to PC3, for both
un-rotated and rotated modes, were picked for further aﬁalysis. U wind PC 1-3 un-rotated loading
areas and PC 1 and PC 3 rotated were picked for analysis. The rotated zonal wind cor:riponents’ PC
2 mode was not selcctec.i. because the loading arca was similar to that of PC 2 un-rotaied:mdde. _
Finally the rotated V wind PC1 to PC3 modes were selected. Key areas were identified from PC
modes and time series were created by area averaging of values within maximum spatial loadings from
] anuaryr 1965 to December 1993. For convenience boxes were created to'cover large loading vﬁlues
instead of using the non-geometrical shapes of the loading areas. In cases where there are two areas, |
then the averages from the two areas were calculated and added or Subﬁacted, depending 611 the sign.
In this way time series were created with 372 data points for the target (rainfall and temperature) and

predictor (environmental parameters) key' areas based on PCA.

2.2.2.2 Correiation coefficients between key areas and respective selected extracted PCs -

Principal component. analysis was performed on continental gridded rainfall and temperature data and
. gridded SST, SLP,and U ar.ldiv 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 respectiye key area time senies (Table 2.4). Key areas are coné.idered
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 of the 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 column the
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. :

Note: PCA spatial loading pattem are illustrated in chapter 4

Parameter PC Mode | Key Areas (Lon, Lat) Key area name
SST PC1 60°E-90°E,10°N-10°S + 50°W-10°W,20°N-10°S SST Ind+Atl
SST PC2 60°W-20°W,109N-20°N - 30°W-0°,0°-30°S SST Atldipole
SST PC3 50°W-0°,10°N-10°S - 40°E-60°E, 0°-30°S SST Ind-Atl
SST PCIR SOPE-90°E, 0°-20°N SST Ind
$ST PC2R 30°W-10°E, 10°N-20°S SST castAtl
SST PC3R 40°W-10°W, 30°N-10° SST northAtl
SLP PC1 | 40°E-100°E, 10°N-10°S + S0°W-0°, 10°N-20°S SLP Ind+Att
SLPp PC2 60°E-90°E, 10°N-20°S - 70°W-10°W,0°-30°N SLPInd-Atl
SLP PC3 70°W-10°W,10°N-30°N - 30°W-0°W, 10°8-30°8 SLP AtlDipole
SLP PCIR 30°W-0°, 0°-20°8 SLP All
SLP PC2R 70°E-100°E, 0°-30°N SLPInd
SLP PC3R 40°W-10°W, 10°N-30°N SLP NwestAl
U ZONAL WIND' | PC1 60°W-30°W,10°N-20°N + 40°E-90°E,20°8-40°S U Atl+Ind
UZONAL WIND | PC2 70°E-100°E,10°N-10°S Ulnd
U ZONAL WIND | PC3 40°W-10°W,10°8-20°S + S0°E-80°E,10°8-20°8 U Atl+Ind2
U ZONAL WIND | PCIR 60°W-10°W, 10°N-10°N U At
U ZONAL WIND | PC3R 40°W-0°, 10°5-30°S U Adz
V MERIDIONAL | PCIR 20°W-10°E, 10°5-40°S V At
WIND

1% MERIDIONAL | PC2R 40°W-10°W, 20°N-10°S VAR
WIND
¥V MERIDIONAL PC3R 40°E-T0°E, 20°N-10°S V Ind
WIND _

Where R stands for Rotated
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R
PCi

Rfn
PC3

SST

Table 2.4 CORRELATIONS BEFTWEEN EXTRACTED KEY AREAS and PCs

SLP

PCl.

PCY

PC3

PCIR

PCIR

PC3IR

rCt

pC2 -

PC3

PCIR

PC2R

PCIR

Southern Al-_‘ri_ca

E. Aftica

0.78

1SS

Ind+Al

AtlDipole

0.89

Ind-At}

0.75

Ind

0.79

eastAtl

0.34

northAt]

-0.6

0.60

d1S

ind+Atl

-0.9

[nd-At}

-0.8

AtiDipole

eastAdl

eastind

0.79

-0.26

NwestAtl
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Table 2.4 Continued
[ Zonal Wind [ Meridional Wind
PCt PC2 PC3 PCIR PC3R PCIR PC2R PC3R
Atl+Ind!1 0.86
- Ind 08
2
”; Ati+lnd? ‘ _0.48
=
= Atll 1 _ 0.94
Atl2 -0.81
= Al
2
= — ,
=} Atl2 _ ' ' ' 0.24
é -
=-  Ind - : 0.2
= : ,

© 2.2.3.0 Continuous Wavelet Analysis (CWT)
In studying spectra! characteristics of geophysxcal data Wthh is mamly non- statmnary many

researchers use standard Fourier techniques that yield spectral coefficients that are averaged over the
entire measurement period Meyers and O’ Brien (1994). Fourier methods do not produce information
on the time evolution of a signal. Wavelet transform (WT) is an analysis tool which is appropriate to
the study of multi-scé.le, non-stationary processes occurming over finite spatial and temporal domains
Lau and Weng (1995). This analysis tool is becoming a common tool for analysing localized variations
of power within a time series. With the ability of WT to resolve a time series within a time-frequency
space, one is able to détexmine dominant modes of variability and how those modes vary in time,
Torrence and Compo (1998). Wavelet transform, which was introduced by Morlet (1983) has found
wide appﬁcation in a wide field of sciences, like image processing, optics, turbulence etc. A number
of geophysical studies have used this technique and have produced some interesting results. In recent
years wavelet analyses are becoming common into atmospheric and oceanographic literature {Kumar
- and Foufoda—Georgidu, 1993; Gamage and Blumen, 1993; Weng and Lau, 1994; Meyerand O’Brien,
1994; Guand Philander, 1995; Gollmer etal., 1995; Wang and Wang,1996; Baliunas et al., 1997 and

Kukarin, 2000). In this study wavelet analysis is used to decompose a number _of time series into time-
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frequency space. Time scores from rainfall and température, and environmentai parameter kéy 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 of measurement for a number of parameters.
A brief introduction to the idea of wavelet 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)

2.2.3.1 Wavelet Transform Technique {Adopted from Melice, pers com., 2000)
The WT is a mathematical tool which allows the decomposition of the signal x(#) in terms of

elementary contributions called wavelets. These wavelets are obtained from a single function ¢ by

translations and dilations:

m(t)z'?} (L. S P

where a (>0) is the dilation (scale) parameter and 5 is the transiation (posiﬁon) paraméter; both are

real variables. As the CWT will be used to filter the data, here the normalisation //a is chosen instead
of the usual 1/a (Delpratetal., 1992). The CWT of the signal x(t) with the analysing wavelet @ is

the convolution of x(t) with a set of dilated and translated wavelets:

R (o P

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 amplinide of
~ local activity (over an interval proportional to a) at scale g and b. The scale parameter a in W (h,a) -
corresponds to wavelength or period if the data is spatial or temporal respectively. Tﬁe choice of the
wavelet @ depends on the signal to be analysed. In this study a wavelet that is well localized m the

frequency space such as the Morlet continuous complex wavelet (Morlet, 1983) is seiected. This
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wavelet is defined by:

p(t) = 27 ™ o 5

where 7 = +/~1 and @, = 5.4 is chosen large enough to ensure that ¢ satisfies the admissibility
condition:

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 fhe usual freque.hcy fis given by (Meyers et al., 1993):

P @9 2+ @,
2zl a @,
The Morlet wavelet can in fact be interpreted as a bandpass linear filter of weight 1/a cenired around

® = a, / a. .F iﬁally, the CWT with the Morlet wavelet is a time-frequency analysis where the dilation

'par&meter 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 transform coefficient
W, (b,a) is also complex and may be expressed in terms of real and imaginary parts, modufus and -

phase. Generally speaking, the CWT is infinitely redundant: the 1 -D original signal beihg transformed
into a 2-D tiri{e—frequency image. Nevertheless, the fundamental information can be extracted from
the so-called ndges of the CWT. These ridges are made of the points in the time-frequency
' repx_-esentatioh for which the frequency of the dilated-translated wavelet coincides with the Iocal

frequency of the signal. More precisely, the ridges are the sets of couples (b, @) for which the relation:

ﬁb = 4 e arezcwecasutevabarsssanremmnetbentitresnrrnne

is satisfied and where ¢;’a is the phase of Wx(b,a) and @,/a 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 amﬁlitude of local activity over an interval proportional toa)
at scale 2 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) reconstructs f from

=00 S0 ) .
f@O=C | [aW,(5,8)p, (Db o 9
were C,isthe integral of [} @ ~overall frequenéies. The " indicates Fourier Transform, Meyer and

O’Brien, (1994). Altering the limits of integration for a or imposing cutoffs in the v'alua_.of
W(b, a) filter f. Using this technique filtering of various time series is done in the following chapters.

2.2.3.2Cross-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(1) and y(t)‘, with wavelet trahsférms
W, and W,, one can define the cross-wavelet spectrum as R N

W, (B,a) = W, (5, @), (5,@) 10

where W(b,a) and W (b,a) are the CWT of x(1) and y(¢) respectively and where * denotes the complex

~ conjugate. The complex cross-wavelet coefficient W, (b,a) may be expressed in terms of real and
imaginary parts, modulus and phase difference. Let us recall that if X = alem‘ is a complex number
with a modulus g, and a phase #, and if x, = a,e™ is a complex number with a modulus @, anda

i{8,

phase #, then: x;x,” = a,a,€ %) Where phase is independent of amplitude. Estimation of thé

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 brief discussion 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 sections when
required. The climatology of tropical Africa is discussed in chapter three. Spatial and temporal
variability of annual cycles of rainfall and temperature over the continent, and sea surface temperature,
sealevel pressure, zénal and meridional wind components are discussed using the continuous wavelet

transform technique.



CHAPTER 3

- 3.0 The climatology and annual cycle of Climates over sab-Saharan Africa

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 10°N. The kinematic and
thermodynamic climatology, m the 70°W to 110°E, 30°N to 60°S, is explained using NCEP re-
analysis data. In order that subsequent results have meaningfu! interpretations, the climatology
| descﬁbe.d by NCEP and CRU data should compare well with results obtained by other researchers
using éther data sets. The mean patterns are based on 31 years (1965-1995) of ﬁionthly
- -_ciim'alological data. The discussion will mainly focus on the southern Afnca rainy period
(November to April). Some of the researchers who have described the mean paitern of
_ climatological parameters over southern Africa are Preston-Whyte and Tyson (1988); Theron and
7 .Hanison(1989); Pathak (1993); Rocha (1992); Kabanda (1.995) and Mulenga (1997). The main .
characteristics are the mean position of the ITCZ, the monsoon flow over Africa and the
subtrépical high pressure systems. Further analysis shall be performed to study the annual spatial
and temporal patterns of rainfall and temperature 6ver Afncasouth of 10°N, and SST, SLP, and
-~ Uand V wind over the Atlantic and Indian Oceans. PCA shall be performed to extract the annual
cj’cle fromrespective variables. Wavelét transform is 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 (1965-1993)

32.1 Rainfall climatology B

- The seasonal rainfall climatology over Africa responds to the apparent north-south movement of
- the overhead sun. In the NDJ (November—Decerﬁber—J anuary) season fig. 3.1 (a) high rainfall
values are shown over the Congo basin, Gabon and over Mozambique. The desert area over south
- west Africa exhibits relaﬁvely low rainfall values. During the FMA rainy season fig.3.1 (b) high
rainfall values are revealed over the Congo baéin, south_ern Tanzania and Mozambique.
Relatively high rainfall values are also indicated over Sudan and Ethiopia during the FMA season.
* A study of November-April rainfall average over Tanzania, done by Nyenziet al., (1997) revealed
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| a similar pattern of heavy rainfall in March and Apﬁl over the southern hghlands of Tanzama.

3.2.2 OLR (Outgoing Longwave Radiation) _ -

- The Outgoing Longwave Radiation (OLR) climatology pattern is analysed for NDJ (N ovember-
December-January) and F_MA (February-March-Apnl). OLR infers areas of deep convectioﬁ énd ’
indicate the poéition of the ITCZ. CLR measures the amount of radiation reaching the satellite,
in W m. In warm tropical areas, low values of OLR correspond to large amounts of hlgh, cold
clouds while high values of OLR correspond to reIétiVeiy clear areas or cloudy areas with low
warm clouds. It should be noted however, that thé extra-tropics OLR values typically décreaSe_ -

" with decreasing temperatures.

The OLR mean November-April patterns show the progréssive moverments of convective 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 Affica is confined north of 4°

- North, probably due to the relatively cold Atlantic sea surface in 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 Decémber to March in the Zambezi valley south of Tanzénia over the eastern Africa
coast. Over the southem hemisphere, the senﬁpérmanent southern subtropical high pressurer
systems are well indicated by relatively high OLR values over the southern Atlantic and Indian

Oceans.

3.2.3.0 Wind flow pattern climatology

3.2.3.1 850 hiPa level

Inthe pr'eser_lce of moisture, low-level wind convergence may resultin the deve]bpment ofclouds
and hence precipitation. We have used the 850 hPalevel to represent a low-level flow pattern; this
will reduce the effect of high gmlind over some areas fig. 3.2. In November there is a
northeasterly and southeasterly wind convergence off the coast of East Aftica. 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 ceniral 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 cyclonicr Centres, one over
northern Namibia and another over the Mozambique channel, are well established during thes_e ,

' two months, which seem to “hold’ the ITCZ in the south. In March the two low pressure 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. Bj( April the southeasterly flow dominates the
whole of east African Coast. The whole of central Africa is swept by a southwesterly flow.

3.2.3.2 200 hPa Level _
| rDifﬂuent flow over the Congo basin and some paﬁs of east Africa is induced by the simultaneous
presence of two anticyélonic circulation systems, north and south of the equator, at about 20°E.
By Decerber the ridge in the south retreats southrwards and the anticyclone in the north weakens |
into a ridge. The flow pattern becomes cross-equatorial with the divergence axis oriented in the
- northwest-southeast. Thisisthe a;{is where deep convection or high fainfall amounts are observed .
in the December rainfall pattern over southern Africa. The cross-equatonial flow strengthens in
January and F ebruary. 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 of this ridge line together with the northern hemisphere ridge line
.establishes a diffluent flow pattern farther north, at this level, thus supporting vertical motion in

the northern hemispheré.

3.2.4 Mean Sea Level Pressure (SLP) |

Salient features on the Mean SLP patterns, from November to April, are thé 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 of east Africa to Indonesia
along about 0° latitude in November, moves southwafd toabout 15°S in February. Pressure falls,
over the southern Africa subcontinent, is observed from November to February whereas pressure

build up are observed from March to April as the low pressure system start shifting northwards.
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3.3.0 The annual cycles of parameters _ |
The apparent north-south movement of the sun controls the auhospheric general circulation and
therefore rainfal! and temperature. The annual cycle of rainfail and temperature over Africaisa -
direct result of this. However, the ocean, atmosphere and other external systems Op'eraté at
different spatial and temporal scales. The interaction of these systems at different spatial and time
‘ scales results in year to year variation of the climate systern. These fluctuations on the chef hanci
cause the year to year variation of annual ‘cycles. in rainfall, tempéramre, etc. over the African
continent and elsewhere. In this section the spatial and tempora] vgn'abﬂ_ity of a number of
parameters, which includes rainfall, temperafme, SST,SLPand, U and Vwmds are studied. PCA |
is performed on the data without removing the re_spcctiw'e long-térm means which represent thgé |
average of the annual variability fcfr different parameters within the tropics. PCs for rainfal,
_temperatufe and environmental parameters whi:éh exhibit largel amplitudes at twelve month

periods are discussed below.

- 3.3.1 Annual spatlal and tempera} patterns of ramfa]] aver Afnca

The first three PCs of rainfal! with annual cycles contnbute about 64% of the variance. Table 3.1

- shows the PC modes (both un-rotated and rotated), the variances they explam and spatial loading
regxon figs. 3.3 (a-c) for un-rotated PC1-PC3 modes. The three modes show coherent features
over Affica, south of 10°N The first PC mode, with the highest vanance con'mbunon af 47%,
contains the main annual cycles. Positive loadings are to the north and the extreme southemmost_
cape of the African continent and negati?e loadings over southemn Africa Positive loading regions
have wet conditions whén time scores amplitudes are positive and those with ﬁegative loédings
have dry conditions. The time score amplitude peaks for this mode occur around August. This

3 mode répresents the annual cycles with wet boreal (northern) Summér and dry Austral (soﬁthern)

winter. The second PC mode fig. 3.3 (b) is positively loaded in eQuatdn'aI Aﬁjib.& This PC has the

' - second highest variance of about 12%. The time score amplitudes show that equatoriél regions

experience bimodal rainy conditions from October to April with a short period of reduced rainfall

n January-February. May to September is a period with relatively less rainfall. The bixho_dal

rainfall distribution could be a response to the passage of the overhead sun. Tfle third PC mode

- fig. 3.3 (c) which explainé about 5% of the 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 and the second peak in January. The wavelet transform of rainfall PC1 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 of six months having
high amplitude. Six month oscillations also exist in the first PC1 mode. PC1 time scorés 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 in percentage for rainfall PC 1-3 modes

 (unrotated and rotated) with annual cycles.

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

i PCI 476 (20°E, $°N), (25°E, 15°S)
PC2 TR (25°E,20°S & 15°E, 10°N)

1PCs - |46 (20°E, 2°S & 24°E, 32°S), (36°E, 6°S)
PCIR ~ |476 | (20°E, 10°N) |
PC2R 11.8 - (20°E, 2°S)
PC3R |46 | (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 of temperature over;Aﬁ-ica, south of 10°N.
The first PC mode which is negatively loaded in the north explains about 55% of the variance fig.
3.4 (a). The amplitudes of the time score plbt 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 10°S and negatively loaded north of 10°S and explains about
23% of the total variahce. 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% of the 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. Specﬁal amplitudes with periods of twelve and six months are revealed by CWT in all

three PC time scores except the third PC which has small amplitudes with six month oscillations.
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The amplitudes of the PC1 time scores, fig. 3.4 (d-g) do not show much modulation which

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

stationary during the 1963-1995 period.

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

modes (ﬁn—rotated and rotated) with annual cycles.

PC MODE | VARIANCE (%) | Approximate Central Position (Lo, Lat)
PCl1 - 548 (40°E, 10°N)
PC2 B2 | (20°E,25°S), (20°F, 10°N)
PC3 67 (25°E, 8°S)
PCIR 54.8 | (40°E, 10°N)
PC2R 232 (20°E, 10°N)
PC3R 6.7 | (25°E, 8°S)
R stands for rotated

3.3.3 Annunal spatial and temporal pﬁtterns of SST field over the Atlantic and Indian
Oceans | 7 | | |

_ The first two PC modes of SST over the Indian and Atlantic oc_e'ans {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 and negative loadings in the south fig. 3.5 (a). This |
PC mode represents the annual SST northern winter signal, with lower SST in around March and
higher SST around the Aungust. PC1 ﬁme.sc‘ores plot n fig. 3.5 (f) revealsrlarge 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 of SST, loaded over the Atlantic and Indian Oceans,
explains 14% of the total variance. The PC mode is negatively loaded in the equatorial Atlantic
and northern Indian Oceans with small poéitive loadings in the south of the 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 low values occurring in June and October. This

is in response to the apparent north-south movernent of the overhead sun. The CWT of PC2for

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 | VARIANCE (%) Approximate Central Position (Lon, Lat)
PCI 68.9l (0, 30°S and 60°E,30°S)

pPC2 14.2 -1 (30°W, 2°8 and 60°, 4°N)

PCIR 63.9 (35°W, 40°S)

PC2R - 142 (60°E, 10°N)

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 6f pressure 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 reﬁresenté the -
annual SLP signal over the two oceans with higher pressures in 'July, in the south, and low
préssurés in the north. The second PC, which explains about 12.7% of the variance, is positively
loaded over the equatorial Indian Ocean and negatively loaded over the Atlantic Ocean northeast
of séuth 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 s]‘now bimodal temporal patterns with high spectral amplitudes in the 12-
month period and relatively small amplitudes in the 6-month period. Some amplitude modulation
1s mveﬂed 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 expléined in percentages for sea level pressure

PC 1-3 modes (un-rotated and rotated).m'th annual cycles. -

PC MODE | VARIANCE (%) | Approxunate Central Positidn (Lon, Lat)
PCl 45.6 | (10°E, 22°S and 40°E, 22°S), (60°E, 18°N)
PC2 12.7 - | (90°E, 10°8), (50°W, 18°N)
PCIR | 45.6 (60°E, 10°S)

| pC2R 12.7 | (70°W, 10°N)

R - Stands for rotated
3.3.5 Annual spatial and temporal patierns of zona.l wind ﬁc;ld over the Atlantic and Indian
Oceans ) _ o
The first two PC modes of zonal wind with annual cycles expié_jn about41% of'the total variance.
PC1 mode shows a positive loading BetWeen 10°S and 22°S. To the south and north of this |
latitude band negative loadings are indicated fig 3.7 (a). The amﬁiitu&es 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 indiéa;ced, between10°S ar_ld 22°8, in July and an increase of westerly .
anomaly flow north and south .of this latitude band. This is normally the time of the southerly
moﬁsqoﬂs over the west Indian Ocean and the Gulf of Guinea during the boreal summer. The
second PC niode which exPI:ains about 7% of the variance is negatively loaded over the Guif of
Guinea and Atlantic Ocean to the north of south Amér_ica. The amplitudes of fhe time scores -
suggést that this PC mode is bimodal with two peaks; smaIler'-pcaks occurﬁng in May and larger
peaks occurring in October. The continuous wavelet transform 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 biihdda]. In
addition to having a 12-month oscillation the second PC mode shows ﬁ six-month oscillation.
Amplitude modulation is indi cated in both PC modes reflecting the vaniability of the 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.

Irc MODE | VARIANCE (%) | Apbroximate Central Position (Lomn, Lat)
PCl1 338 (18°S ridge line - Indian and Atlantic Oceans)
PC2 6.9 (0, 10°S & 60°W, 10°N)
PCIR 35.8 - (20°W, 10°N & 70°E,15°N)
. PC2R 69 . . (60°W, 10°N)

,R - Stands for rotated

33.6 Anhual spatial and temporal patterns of meridional wind field over the Atl_antic and

: :Aﬁantic Oceans . | | |
The first two PC modes of méﬁdional 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'Oc_ean and the
Gulf of Guinea figs. 3.8 (a, b). The amplitudes of the time scores plot for the first PC indicates
thét_ the northerly wind componerit occurs 1n January-February of each year, while the southerly
wind component occurs in July. The second PC mode of the meridional wind is positively loaded
over the Atlantic Ocean north of south America with the loadings extending to south Atlantic
Ocean. In fhe south the negative-positive-wavy pattern indicates the position of the southern
anticyclonés fig. 3.8 (b). The amplitudes of the time score plot for PC2 suggest that maximum
' i)osiﬁve meridional componenté 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 of the meridional wind has two oscillation periods, i.e. 6-and 12-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 | VARIANCE (%) | Approximate Central Position (Loz, Lat)
PCl  |355 (20°W,0; 50°E,0, & 90°E,0)

PC2 |84 (40°W,10°N), (50°E, 30°S)

PCIR 35.5 - | (60°E, 15N°) -

PC2R 8.4 (40°W,10°N)

R - stands for rotated

3.4 Summary
The analysis in this chapter has mainly focussed on three issues. The ﬁm‘t was to find the adequacy

of gridded ramfaﬂ, temperature and marine data in the study of climate variability at the infer-
- annual time scale. The secondary issue was the mean pattefns for which one could compare with
sﬁbsequent results in this study. Finally, interest was focussed in understanding the main spatizﬂ
- and temporal éharacteristics of the annual cycle over the African continent and over the Atlantic
and Indian Oceans from 1965 to 1995. Comparisons behrfeen gridded.CRU ramnfall data and

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

Comparing the partial correlations of the field variables wnh terrestrial rainfall and temperature
shows that the V PCl is most closely related to the annual cycie of rajnfall PC1. Although inter-
annual variability is the focus of research here, it is important to place it within the context of the
annual cycle which represents 50% of the variance vs 10% for mter~annual fluctuations accordmcr
_ ‘to PCA. For example, years with high annual cycles have been corrcspondmg with high mter—
| anmual rainfall amplitudes. Continuous wavelet a_nalysas of the major temporal pattems over rthe
 African continent and the Atlantic and Indian Ocean, extracted by PCA, have revealed interesting
results. Most of the patterns with loading away from the equatorial belt revealed hi ghamplitudes
at 12 month period which reflects movement of the sun. Loading patterns within the equatorial
band displayed high ampiitudes at two periods one at 12 months and another one at 6 months;
ihese are the areas where the sun crosses twice in a year. Results in thls chapter have shown -

amplitude modulation of annual cycles from year to year.
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In the next chapter the analysis concentrates on major Spatial 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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CHAPTER 4
4.0 INTER-ANNUAL SPATIAL AND TEMPORAL VARIABILITY

4.1 Introduction
In this chapter the mter—annual spatial and temporal variability of rainfall and temperature and
- environmental field parameters (SST SLP, Uand V wind component) are rdenuﬁed and documented
© using Prmmpal Comp()nent Analysis (PCA) and Continuous Wavelet Transform (CWT). PCAisa
_ method which can effectlvely link the spatial and temporal patterns of adata field (Legler, 1983). The
- technique partitions the temporal variance of the data into orthogonal spatial patterns called
| eigegVectbre. The eigenveetors' are then ranked in decreasing order according to the percent of
variance thejr account for_andea.ch respecﬁ\re eigen\?ector is associated with a series of coefficients
' in time that modulate it. Coherent patterns are assigned to particular eigenvectors that account for
a large fraction of the Veriance The method also helps in reducing the number of variablesto handle.
‘Many studies have used this method in revealmo coherent rainfal] patterns in Afnca, {Mason, 1992;
Mulenoa, 1998)

In this study continuous monthly gridded rainfall and_teniperanlre .data are used as described in
chapter 2. The rainfall and temperatme data span the period 1965 to 1995. The period has been
chosen to correspond with other data sets selected to minimise missirlg data. Firstly, PCA was
' performed on continuous monthly data with annual eycles (chapter 3) and secondly, on continuous
' '_mdnthly data Wit.h'the .annual cycles removed using 2 NAG subroutine (NAG, 1996). The first 3
' pnncrpal components were retained and then rotated using Varimax. Cut off point for PC modes to *
_‘retam was decided by using the Scree test. The domain of analysrs is 10°N-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 tnne series as described in chapter 2.By decornposmg a
. time series into ‘time-frequency space, it is possible to determine both the dominant modes of
vanablhty and how those modes vary with time. The continuous wavelet transform gives a two

Dimensional frequency representation of a 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 of in;er-annual vanability. Annual cycles are also plotted to reveal
amplitude modulations with time. | |
The selection of PCs, as given intable 2.3, is based on a number of reasons. The rainfail PC1 and PC3
were selected because of the stated mtentxon to understand inter-annual rainfall variability over the
hi ghlaﬁds of Africa. PC2 on the other hand was not selected because this maode js Joaded over an. area
with poor data quality. Additionaﬂy PC2 and PC3 of témperature are explored. The focus will be on |
inter-annual time scales when discussing ‘the CWT results of rainfall, temperature and
oceanic!atmosphezié parameters. This ié mmportant because these are the immediate moisture sources -
for the African continent and pefhaps greatly influence the rainfall climatology of the tropical
highlands of Africa. PCA and CWT were applied to gridded COADs data (8ST, SLP,Uand V wmd) '
' over the Atlantic and Indian Oceans in the domain 20°N-40°S, 70°W-100°E. Similarly PCA was
7 performed on monthly data with annual cycles (chapter 3) and with annual cycles rembved (chapter
- 4). Potential predictors aré‘extracted from PC1 to PC3 patterns in the environmental fields.
4.2.0 Inter-annual spatial and temporal variability of _minfﬁll and tempem:ture over Africa
4.2.1.0 Rainfall PCs o
In the following section we shall describe un-rotated and rotated PCs derived from ébntinuous '
monthly daﬁ with annual cycles removed. About 22% of the variance is cbnfributéd by the firstthree ~
PC modes. However. the main focus of discussion will be PC1 and PC3. PC2 is not discussed -
because of data problems over the Democratic Repubhc of the Congo and Aﬂgola, where itis loaded. .

The table below shows the PC modes and variances they explaln Their spatial patterns are given in

hg. 4.1.

Table 4.1: Rainfall PC modes
Mode - | Variance (%) | Approximate Location (Longitude/iatitude) .
PC1 G4 : 22°8, 25°E southern Africa '. : :
PC3 7.2 2°N, 38°E east Africa
PCIR 94 25°S, 25°E southern Africa o
PC3R - {72 | 5°N, 40°E east Africa

R - Stands for rotated .



4.2.1.1 The southern Africa rainfall mode (PC1-Variance 9.4%)

_ The first PC mode of inter-annual rainfall over Africa explains 9.4% of the variance. Fig. 4.1 (a)
- show the rainfall PC 1 mode with negative loading over southern Africa centred at (22°5, 25°E). The
rotated PC1 mode ils shown in fig4.1 (b) with loadings over the same area. A small positive loading

| is found over northern Mozamb;que and Malawi. Fig. 4.1 (g-i) shows the temporal inter-annual

variability for PC1 rainfall mode. The standardlzed 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 whenrelatively dner conditions were

experienced. High rainfall variability is however, fevealed inthe 70's. Apnual cycles of southern Africa |

rainfall are shown to be moduléted High ainplitudé:s are indicated between 1973 and 19’77 and low

amplitudes between 1979 and 198 5, fig. 4.1 (B). 79 perccnt of rainfall vanabxhty in the region .

covered by PCl mode is contmbuted by the annual vanabzhty and about 8% is a contribution from

. the mter—annual variability. The wavelet transform of the southem Africakey arearainfall time series

shows that rainfall oirer southern Africa oscillates with dominant periods' of2-4 and 8—1‘2 years, figs.
4.1 (i). Relatively stroag spectral power is wndicated between 1973 and 1977 with oscillation pertod

| of1.5-3 years indicating a strong QBQO signal. The oscillation at about 2-year period in the early T0's

modulates to a 2-4 year period in the 80's. '

-4.2.1.2 Th-e east Africa rainfall mode (PC3 -V;ar_iance 7.5%) _ _ _
- The third PC mode (un-rotated and rotated) for the rainfall with annual cycles removed explain 7.5%
' ofthe variance. Large positive 1oadiﬁgs for this P_Craxc found over northeastern Africa, fig 4.1 (e, 1).
Maximum positive values are centred at about 2°N, 38°E and small negative and positive values are

revealed elsewhere particularly over Angola for the un-rotated PCmode. 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% of the east Africa rainfall
and 12% is a contribution from the inter-annual time scale. The time series plot, fig. 4.1 (1), 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 n'ansfdrm 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 19935.

4220 Tempemture PCs
. PCA was also done for monthly temperature over Africa south of 10°, from 1965 to 1995, wﬂ;h

seasonal cycles removed. The leading 3 PC modes were retained and rotated fig4.2 However, only
the first three PC modes (rotated) are chsgussed. The variance explamed by each mode and the

' location of high values are tabulated in table 4.2.

Table 4.2: Temperature PC modes

Mode Variance (%) Approximate Location (Lon./Lat )

PC1 - }302 ] 6°8-20°S, 20°E-32°E Zambezi and Congo
PC2 10 - |16°8-28°8, 22°E-34°E Zimbabwe

PC3 - 168 | 6°N-12°8S, 30°E-42°F east Affica

The total variance accounted by the first 3 PCs is 60%. The individual PCs except PC1 are discussed

below.

4.2.2.1 The Southern Africa temperature mode (PC2 - variance 10.6%) |

- The second PC mode, which exp_lains' 10.6% vanance for the monﬂﬂy tempeiaturé data Withpui the
- seasonai cycle, is loaded over sou£hem Africa with its center at 31°8, 22°E figs. 4.2 (a, b). The time
" series obtained by area averaging of temperature in the box shown in fig 4.2 (k) is plotted and reveals

~  that there is relatively large inter-annual temi:efanne variability over southern Africa ﬁg. 4.2 (e-g).

‘High temperatures are shown 1o have occurred in 1976 and lower temperatures in 1973. Reléﬁvely
low températures are revealed between 1976 and 1995. Large spectral power with oscillations period

" between2and 4 years is revealed. However, relatively high amplitudes are revealed in the years 1965-

1975 and 1985-1993. | ' | ' |



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 temf)crature data without anmual cycles. Negative values cover almost the whoie southermn
Afficaexcept the extreme southwestern tip of the Continent. Amplitudes of the time series plbt shows
high temperature variability figs. 4.2 (i-k). The time series is obtained by arca averaging of
7‘ temperatures in the box in fig 4.2 (1). The poéitive loading over the SOutﬁwestem tip of the continent
could be associated with westerly frontal wave intruﬁons in the southern hemisphere. High month to
month temperature variability could be attributed to the inﬂuelice of westerly waves. The wavelet
transform of the key area time series in the box in ﬁcr 42 (1) reveals variability of spectral power with
apenod of 2 to 4 years. Relatively h1gh spectral power is indicated between 1975 and 1 994; Short
penod 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 monthly SST over the Atlantic and Indian Ocean. The lqcétion and
variance explained by each mode are tabulated in table 4.3, The time series used in the analysis are
created by Calculﬁﬁng the box area averages in the PC loading regious (key areas). Time series plots
for PC1 only are illustrated. Plots for other PCs were also done and some of therﬁ are shown in the.

appendix. _

* Table 4.3: Sea Surface Temperature PC modes

Mode Variance (%) | Approximate Location (Lon./Lat.)

PCIl 16.7 1 0°,30°W and 0°,80°F (Atlantic + Indian) SST Atl + Ind
lpc2 |88 15°N,38°W and - 20°S,10°W SST AtlDipole |

PC3 |63 10°8,50°E and -10°N, 20°W (Ind - Atl) SST Ind-Atl

PCIR 16.7 21°N, 61°E Arabian Sea SST Ind

PC?2R  © . |88 2°S, 10°W Equatorial Atlantic Ocean - SST eastAtl

PC3R 63 30°N, 20°W SST northAtl
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43.1.1 SST PC1 mode (Variance 16.7%)
The first PC mode reveals loadings over the Atlantic and Indian Oceans fig. 4.3 (a, b) The un-rotated
PC1 mode show relatively large negative loadings centered at 0%, 30°W over the Atlantic Ocean and
0°, 80°E.ovef the Indian Ocean fig 4.3 (a). The rotated PCl mode is negativ_ely loaded over the
Arabian Sea fig 4.3 (b). The key area time series for PC1 mode (un-rotated), obtained by calculating
the average of the key area means in the two boxes shown 1n fig 4.3 (3), indicates high inter-annual -
- variability andrelaﬁveiy sfnau annual varability, figs. 4.3 (g)and 4.3 (h). The wayeletpower spectrum
- of this time sérieé reveals relatively large alnplitﬂdes m 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 sigﬁal, were weaker
between about 1972 and 1930. Small annual variability with little amplitude modulations are revealed.

_' 4.3.1.2 SST PC2 mode (V ariance 8.8%)

' The second PC mode for the monthly SSTs without the annual cycles explains 8.8% of the variance
fig app4a (¢, d). PC2 mode (un-rotated) is a dipole in the Atlantic Ocean centered at 15°N, 38°W and
20°8S, 10°W negatively ldade& over the Gulf of Guinea_li-‘s centered at 5°S, _10°W 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 Yariability
- but large annual variabiiity with small amplitude modulation. The plot time series, fig. app43 (),
| indicates that SST over the central Atlantic was cooler than SSTs between the west and east south ~
Atlantic north of 5°N between 1977 and 1984 and warmer between 1969 and 1976. The plot of the

- SST time series (figure not shown); obtained by calculéting the area average of the SST in the box

| 30‘5W-10°E, 10°N-20°S where PC2R (rotated) is loaded (the Guif of Guinea) reveals generally low-
SSTs between 1974 and 1984 and a decreasing SST trend between 1985 and 1994, fig. appda (a).

Modulation of the annual SST variability is smalll, figappda (b). The wavelet spectral amph'rudes for
the two time series are similar as both contaln relauvely high amplitudes with 1. 3 to 2 year and 8to

14 year oscillation penods fig. app4a (c)

43.1.3 SST PC3 mode (Variance 6.3%)
. The thrd PC mode for the monthly SSTs mthout the seasonal cycle explams 6.3% of the variance
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ﬁ'g 43 (d, e). The third PC mode (un-rotated) is positively loaded over the western Indian Ocean, in
the box 50°W-0°, 10°N-10°S and negatively loaded over the central Atlantic Ocean, in the box 40°E-
60°E, 0°-30°S after rotation. The plot of the time series, calculated as the difference of area. averages
of SSTs in the 50°W-0°,10°N-10°S and 40°E-60‘;‘E, 0°-30°S boXes, shows a high annual and inter-
annual variability. Amplitude modulation is revealed in the annual SST variability between 1982 and
1886. The continuous wavelet transform of the time series reveals relatively hlgh spectral amphmdes '
with oscillation periods of 1 5-3 and 5-8 years

43.2.0 Sea Level Pressure PCA

Similar principal component analysis was perfofmed on sea level pressure over the Atlantic and Indian
Ocean basins with the annual cycleé re_move& in the 1965-95 data. The first three PCs explain about
43% of the van'anee. Table 4.4 lists the varience and approximate location of the loadings.

~ Table 4.4: Sea Level Pressure PC modes

Mode Variance (%) | Approximate Location (Loﬁ./Lat.)
PCl- | 241 1 5°S; 80°E and 5°S,20°W Ind+Adl
PC2. . | 121 10°S, 80°E and 20°N,50°W  Ind-Adl
{pc3 |72 30°N, 50°W and 20°8,20°W  AtiDipole
PCIR {241 | 15°S,20°W eastAt]
Ipcr fizr 17°N, 95°E eastind
PC3R 72 30°N, 18°w northAtl

o 432.1 SLP PC1 mode (Variance 24.1%)

- The first PC mode for sea level pressure w1thout annual cycles explains 24.1% of the variance. This

. PC mode is negatively loaded over the equatorial Atlantic and Indian Oceans and centered at (5°8,

0°W) and (5°S, 80°E) reSpecnvely fig 4. 4 (a). The plot of the SLP time series, figs. 4.4 (gand h) |
obtained by calculating SLP area average in the boxes in fig. 4.4 (j) 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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h-ansfofm of this time series, fig 4.4 (1), 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 wﬁhout the seasonal cycle,
explains 12.1% of the variance. The second SLP PC mode (un-rotated) fig. 4..4 (), 1s posiﬁvely _
loaded over the Indian ocean (10°S, 80°E) énd negatively Idaded over the Aﬂaﬂtic ocean (20°N,
50°W) in diﬁ‘érent latitude ban.ds'. The time series, obtained by calculating the difference of area
averages in the 60°E-90°E,10°N—20°S and 70°W-10°W,0°-30°N boxes, is plotted and reveals high .
SLP variability at the inter;annual and annual time scale. High amplitude modulation isrevealedinthe ‘
annual cycles. The two time series indicate relatively high spectral energy with 2-5 and 8-12-year

- oscillations period.

4323 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% of the variance tablé 4.4. The third SLP PC mode (un-rotated) is a N-S
~ dipole loaded over th_e- Aﬂﬁnﬁc ocean with épositive centre at 30°N, 50°W and a negative centre at

:- 20°8, 20°W, ﬁg- 4.4 {e). These are the areas of the Azores and St. Helena anticyclones respectively.
The difference of 'the monfhly area averages for thé two key areas represent the temporal variability -
of SLP in the PC léading region. The area average_s.aie calculated in the boxés shown in fig. app4b :
(d). The plot of filtered time series, fig.app4b (a) and fig app4b (b), reveals high SLP variability at
both annual and inter-annual time scales. Amplitude modulation_cf annual cycles1s noted in the time
series plot fig. app4b (b). The plot shows a general decreasiag tre_ﬁ_d in the amplitude throughout the
| whole period of 1965 and. 1995. T_he coutiﬁuous wavelet analysis of the third SLP PC suggests the
- existence of relatively large spectral amplitudes with peridds 15t 5 yeérs and § to10 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). o |



4.3.3.0 Zonal Wind Component PCA

Coherent patterns whiéh were extracted from the zonal and meridional wind components, with the
seasonal éycle removed, ére discussed 1n this section. The zonal and meridional wind component fields
are ax.lalyzed éeparately.‘ The domain rexﬁains the same asin SSTand SLP. Table 4.5 gives the éentral

location and variance explained by each PC for U wind field.

Ta'ble 4.5: Zonal Wind PC modes

Mode - | Variance (%) = | Approximate Location (Lon./Lat.)

PCt |83 | 32°8, 50°E and 15°N, 50°W Adl + Ind
pCc2 |65 | 0° 80°E Ind - |
PC3 |57 20°S, 20°W and 20°S, 60°E Atl +Ind2
PCIR 83 120°N; 30°W At

PC3R 57 20°S, 20°W Atl2-

4.3.3.1 Zonal wind PC1 (Variance 8.3%)

The first PC mode for zonal winds without the seasonal cycle explams 8.3% of the of variance. 'I'he _

~ zonal wmd PC1 mode (un-rotated) has large positive loadmgs over the north Atlantic and south |

Indian Oceans centred at 15°N, 50°W and 32°S, 50°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 vanablhty and relanvely small annual vanability with uregular

amplitude modulation fi gs.app4c (a, b). The continuous wave}et transform analysis reveals relatxvely

| strong spectral amplitudes with oscillation period between 1.5 and 3 years, and 3 and 7 years.

- Strongest amplitudc;s are revealed between 1982 and 1994. The continuous wavelet analysis of the

time senes mdlcates relatwely high spectral amplitude with oscillation periods between 2 and 6 years

" and between 8 and 12 years. '

4.33.2 Zonal wind PC2 (Variance 6.5%)
' The second PC mode for zonal wind without the annual cycles explains 6.5% of the variance fig 4.5

(c). As the un-rotated and rotated Ioading areas for PC1 are almost the same only the rotated one
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will be discussed. Positive loading values, for the the second PC are loade_d over the central Indian
Ocean fig. 4.5 (c). The filtered time series created By calculating_ the area average over the box
- 10°N-10°8, 70°E-100°E over the Indian Ocean are plotted in fig. 4.5 (fand g) and reveals small inter-
annual zonai wind vanability and large annual zonal wind variability over this region. Wavelef analysis
of rotated PC2 of zonal wind component indicate oscillation at a period of inter-annual time scale,
4.5 (h). Spectral amplitude with oscillation periods between 2-3, 4-6 and 8_—12—yéars are indicated
between 1970 and 1990. | - |

4333 Zonal wind PC3 mode (Variance 5.7%) | |
The third PC3 mode for zonal mnd with annual cycles removed explaiﬁs about 5.7% 6f_ the variance,
; The un-rotated third PC que is negatively loadéd in the subtropical high pressure areas lof the
 southern hemisphere fig. 4.5 (d). The zoﬁal wind time senies is obtained by calculating the mean of
the appropriate areas of the Atlantic and Indian Oceans. The plot of this time series indicates relatively
large inter-annual and annual zonal wind variability with large amplitude modulation at the annual time
scale. Small amplitudes are revealed between 1973 and 1983. The wavelet ﬁanSfbnn of PC3 for zonal
- wind shows relatively large spectral amplitudes with osci-llatidn periods between 1.5 and 3 years and |

between 4 and 6 years. :

43.4.0 Meridional wind PCA _ .

- PCA has also been perfonned onthe mendlonal wind aﬁer removing the annual cycles The domain
of analy51s is the same as that for zonal wind, SST and SLP. Table 4.6 gwes the central location and
| variance explained by each PC. The first three modes for the meridjonal wind components without
the annual cycles explain about 27% of the variance. The rotated modes are snmlar to the un-rotated,

SO only they are retained for analysis.



Table 4.6: Mendional wind PC modes

Mode Variance (%) Approximate Location (Lon./Lat.)
PCIR 6.2 33°S8, 5°W Adl

PC2R 57 15°N, 27°W Atl2

PC3R : 43 - | 10°N, 45°E Ind

4343 Meridional win.d PC1 mode (Variance 6.2_%)

 The first PC mode (rotated) for the meridional wind without the annual cycle explains 6.2% of the
variance. This mode PC is positively loaded over the south Atlantic Ocean with its centre at about
- 30°8,5°W fig 4._6'(a)- Sm_all pdsitive loadings are also indicated over the northwest and south central
Indian Ocean while small negative loadiﬁg are-over the southwest Atlantic Ocean and southwest
Indian Ocean. 'I'hé meridional wind component time series,1s Obtained by calcul ating the areaaverage
over the southern Atlantic, ﬁg appdd (d). The plot of the time series show high inter-annual
7 | variability of meridional wind Wiﬁd component over the south east Atlantic Ocean fig. app4d (a).
Annual variability is relatively small w1th amplitude modulation fig. app4d (b). relatively large spectrai
amplitudes with oscillations périod of 2-3 and 4-6 years are revrealed between 1965 and 1982 and
1985 and 1995 respectively, fig appdd (¢). o |

4.3.4.2 Mendmnal wind PC2 mode (Variance 5.7%)

The rotated PC2 mode (PC2R) for meridional wind component, which is located offthe coast of west
Africa, is centred at 15°N, 25°W fig.4.6(b). This PCmode for mendlonal Wmd with the annual cycle |
removed explains 5.7% of variance. The time series plot, (not shown) created by area averaging of
| meridional wind component in the béx 405W—1 0°W, 20°N-10°S, reveals large inter-annual. Large
variability is also observed at the annual time scale with relatively small amplitude modulation. The
speciral resolution of the inter-annual time series reveals high energy with periods between 2 and 6

years and also between 9 and 12 jrears.

43.43 Meridional wind component PC3 mode (Variance 4.8%)
The third PC mode {rotated) is located over the northwest Indian Ocean centred at 10°N, 45°E fig.
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4.6 (c). The third PC mode for m_eridional wind without the annual cycles explains 4.8% of the
variance. The time series is obtained by calculating the area average in the box, ﬁ.g 4.6 (g). 'I;he plot
of the filtered time series reveal relatively small inter-annual van'abilify and large annual variability
with's‘ma'.ll amplitude modulation figs 4.6 (d, €). Large variability of thé mendional wind 6ver the
region iﬁdicatéd could be due to the monsoon wind system aver the central western Indian Ocean.

Oscillations with periods between 2 and 4 yearé are found to have relatively high spectral energy.

- 4. 4 0 CWT analysns of the teleconnectmn indices

44, lQuam-Blenmal Oscxllatmn _ .
The quaSI-blenmaI zonal wind anomaly time series plot fig. 4 7 (a) shows relatively larcve variability

' _atthe inter-annual time scale and sr.na]l vaniability at the annual time scale, fig. 4.7 (b). Oscﬂlauon |

‘periods of the QBO, as revealed by continuous wavelet analysis, are between 2 and 3 years as

| expected An interesting feature of the frequency—tlme dlsplay is the amphtude modulation of the

- QBO with time. There are time spans When the QBO amphmde is strong and others when the

amplitude is weak.

4.4.2 Nine3 SST and Indonesm SLP anomalles
The time series plots of the Nino3 SST mdex fig. 4.8 (a) (area average of SST in the box 150°W-
90°W, 5°N-5°S over the Pacific Ocean fig. 4. 8 (d)) and the Indonesia sea level pressure anomahes
(ﬁg app4e) (anomahes in the box 90°E 140°E, 5°N-5°S) both show relatwely high varability at the -
inter-annual timie scale. The dlfferenc_e between the two indices is revealed in the annual varabtlity.
Atthe annual Ume scale Nino3 has larger vaﬁabili_ty, fig. 4.8 (b), than the Indonesiasealevel p;eésure
~ anomalies, ﬁg.app4e (b). The continuous Wavelét transform of the'two time series reveals similarities
in the inter-annual time scale but some differences at the deéa&al time scale. Relaﬁvely high .'
| amplitudes, with oscillation period between 8and 12 year, are revealed m the Indonesia SLPa than
the Nino3 time seri.es.. . - | ‘



- 4.5 Summary

In chapter two, 1t was demonstrated that conversion of PC loadings to key areas is acceptable. as
correlation coefficients between PC -ﬁme scores and respective time series extracted over the
par_zirheter loading régions were significant. Parameters over the selected key areas may thefefore, be |
assi gned physiéal meaning. The analysis of the key area time series has revealéd evolution of annual
cycles and also annual and inter-annual vanability of various parameters over diffrent key areas.
Frequency-time representation of the key area time seﬁes sheds light on the stabilify climate. Some
key afeas maintained sumlar frequency patterns for the whole period, whilst others have shown
disjointed frequency pattems; Dominant freqﬁéncies are in the range 2_-4 years and in many cases, the
amplitudes evolve similarly for rainfail and SLP. | ‘
Correlation analysis is done in the next chaptér to establish the association between potential
~ predictors and pfedjctaﬁt key areas. The results help understand rﬁechanisms governing cast and

. southern Aﬁ-iéa rainfall. - . o '
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CHAPTER 5

5.0 CORRELATION ANALYSIS

3.1.0 Introductlon

One of the objectives of this study is to Iook mto the rainfall predmtablhty potential over trop1cal '
hi ghlands of Africausing statistical forecasting method. Statistical forecasting techniques require
one to'lci;ow the historical associétioxi_ between the predictant and the potential predictors or to
forecast ameteorological variable from observations of the same or other meteorological variables
-at a previous time. Here preﬂictor and predictant indices are created by area averaging of data
informed by PCA modes outlined in chépter 4. Physiéal meanings are attached to the extracted
PC mode to help establish the mechanism of rainfall variability over the highlands of tropical
A.ﬁica The contmental 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
;ﬁredi;:tor's.. Rainfall and temperature modes are correlated with environmental patterns or modes
in order to identify potential predictoré at specified lead times. This approach has been used before
by mar.ny" researchers among them are; (Graham et al., 1987; Bamnston and Ropelewski, 1992;
‘Thac_ker and Lewandoﬁricz, 1996) where the pfedictor indices are determined by empirical
orthogonal functioné (EOFs) and extended empirical functions (EEOFs). Manj researchers have
looked into the teleconnection of East African rainfall ‘with ENSO (Ogallo, 1988, Hastenrath,
~1993) and found coupling during the OND season. However, the relation between ENSO and
MAM rainfall is repoftéd to be poor. Currently a _flumber of statistical models are in use
operationally for forecasting shbrt rains in East Africa. Iiowever, few reliable predictors have

* been identified to predict the long tains.

To describe the .relatidnship between SST, SLP, zonal and meridional winds and ten'estrial
climate, the simple linear correlatlon coefficient method is used. First simultaneous correlatlons
.between key predictor area and target areas are calculated. Secondly maps of correlation between
| target areas and environmental parameters over the Atlantic and Indian Oceans are calculated at
lag zero using both continuous menthly and seasonal series, and at 3-month lead time using only
seasonal time series. In all cases the CWT filter is applied to knock out all variability with cyi:les

less than 1.5 years.



5.2.0 Simultaneous Correlations of monthly data

The degree of association between rainfall/tempé:ramre. key areas times series and regionzil/ global

atmospheric key area indices provide an indication of climatic components modulating the climate

over the highlands of tropical Africa. The results from these calculations suggest which_ keyareas

‘and environmental'parameters hold the potential of predicting ramfall over the highlands of

troplcal Africa and therefore, should be used to create ramfall forecast models over the two

rainfall key areas of east and southem Africa. For dlscussmn purposes the selectéd 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 of freedom is si gnificant 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 2 factor of the wavelet scale, and the auto-regressive nature
of filtered {estimated inter-annual) time sen'es,r results in the reduction of the number of dngees
of freedom. For geophysical data the number of degrees of freedom ( or the number of

independent measurements) is much less than the number of data points Sciremammano, (1979)

(due to the auto regressive nature of _geophysiéal data). The number of degiees of freedom can

be given by (372—1)/4,- where 372 is the number of data points and 4 is the number of lags in
" months, at which auto-correlation are si gl_liﬁcant at 95% level (anto-correlation coefficients for

most key aréa indicés were significant at 95% level at an average of 4 months Iag) ;

5 2.1 South African ramfall association w:th envxronmental parameter key areas mdlces

Correlation coeﬁiment.s between Southern Afrlca ramfall key area and potential atmosphericand .

oceanographlc parameters and global teleconnection indices are givenintables5.1a-5.1d. Table

for correlation coefficients between rainfall and meridional wind components is not shown.

Rainfall over the southern Afica key area is negatively associéted,w_ith SSTs over the tr_opiéal :

~ Atlantic Indian Oceans (Ind and Atl) key areas. Simultaneous wanning/cooling of the equatoﬂal

Indian and Atlantic Ocean is associated with the ‘weakening/increasing of pressures over the

& tropics and a p0351ble mthholdmg of mcusture in the equatorial band. The warmmg of SSTsover
northwest Indian Ocean 1s.assoc1ated with a (reduced 4T / ax) weakenmg of thc Arablan ridge: - _' N

and hence weak northeasterly monsoon. The correlation coefficients between rainfall over the
southern Africa key area and key areas (SLP Ind+Atl, eastAtl and eastInd) are all negative. High

pressﬁres over the equatorial regions (Atl+Ind) of the Atlantic and Indian Oceans are associated

with less rainfall over southern Africa. Relatively high pressures over the south Atlantic Ocean



5-3
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 over the
northeastern Indian Ocean region Ind are négatively associatéd with rainfall over the Southern
Africakey area. The physical explanation for this association 1s however, not clear. Zonal wind -
over ﬂle Atlantic and Indian Oceans Atl+Ind, Atll and Atl2 key areas are negatively associated
with southern Afr_ica rainfall while zonal wmd over the Indian key area (Ind) is positively
ass_.ociated with tﬁe rainfall over the Southern Africa rainfall. Easterlies over the Atlantic and
Tndian Oceans key ér_eas (Atl and Ind) are associated with wet conditions over the southern
Affrica. Strong easterlies suggest strong Azores and Mascarene anticyclones, hence evaporative
cooling of the oceans there. Similarly easterly zonal winds over the tropical Aﬂéntic Ocean and
central south Atlantic Ocean are associated with mére rainfall over the soﬁthern.Africa key areé..
Positive zopal wind éﬁqﬁaaﬂi_es (westerlies) ové;r the equatorial east India.ﬁ ocean are associated
with incrg:'as’ed- rainfall over southern Aﬁiéa_ This association is similar to those found by Maéon,
(1992). Rainfall over southern Afticais positively associated with meridional wind over thé north
‘west Indian Ocean key area V 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 physiéal explanation is not clear. The westerly phase of QBO30 is positively
assoctated with rainfall over the southern Africa key area, i.e. positive zonal winds at 30 hPa are
 associated with an increase of southern Africa rainfall. Similar results have also been found by
Mason, (1992). The two ENSO indices are negatively associated with rainfall over the Southern 7
Africa key area rainfall. Negative pressure anomalies over Indonesia and negative SSTs over
Nino3 are associated with an increase of rainfall over the southern Africa key area. This event

corresponds to La Nina.

Table 5.1a: Correlation coefficients between Rainfall and SST key areas

Rainfall key areas
Southern Afnca | East Africa
% . Ind+Atl -0.238
7 AtIDipole o 023
~
> | Ind-Att : 0.380
§ Ind -0.233
|92} .
‘ eastAtl -0.237




5.22 East Africa rainfall association with Environmental key area indices

The SST indices AtlDipole and Ind-Atl are positively associated with rainfall over the east Africa

key area and the eastAtl index is negatively associated with rainfall over this key area. A positive -

AtDipole index requifes 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 |
_tecurved westerlies over the western Atlantic Ocean and Cougo Baslin b_ecome stronger thus
pushing moist Congo airmass over the east African highlands. A negétive AtlDipole index fésulté
in the reversal of pressure gradient thus weakening the westerlies over the eastern Atlantic Oceaﬁ‘

and the Congo Basin which may result in reducing rainfall over East Afnica. -

~ Table 5.1b: Correiatib_n coefficients between Rainfall and SLP key areas

Rainfall key areas
o Southern Africa = | East Africa
@ Ind+Ad 0297 - o414
o .
Z  |Ind-Ad | o - 10323
Lo B
> AtDipole : S 0.361
E castAtl 0234 o423
o : - -
' easlnd - -0.380 10299

A positive SST index Incl-AtI implies warmer west Indian ocean (hence low pressure anomaly)
~ and colder east Atlantic Oceaﬁ (high pressure anomaly). This sétup suggests a west-east pressure
~ gradient which allows ageostrophic westerlies from the tropical Atlantic Ocean to peﬁetrate'into |
east Afnca Crossing the moist Coago Basm The moist Congo air orographlc uphft results in
convectwe activities over east Africa. An increased easterly flow from the Indlan ocean can also

- improve chances for rain. The SLP indices Ind+Atl, Ind-Adl, AtlDlpole eastAtl, eastlnd is all
positively associated with east Africa rainfall. This pattern of pressure supports an easterly flow
over the Indian Ocean. The U _md:ces Ind and Ati+Ind2 are negatlvely associated w1th east Africa
rainfall while U Attl index is positively associated with east Africa rainfall. Together these suggest
| lafge-scale convefgence. Easterly _anomalies (negative zénal wind) over fhe southemn Indian Ocean .

- and southern Atlantic Oceans suggest active southern subtropical anticyclones.



Table 5.1¢c: Correlation coefficients between rainfall and zonal wind key areas

Rainfall PCS (Rotated without seasonal cycles)
Southern Africa East Africa
3 Ati+ind -0.229
_ § Tnd 0.243 -0.535
; | Ati+Hnd? -0.207
g atll 0.289 0.214
A2 0211

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. This flow pattern supports an increase of rainfall over east Africa. Positive U Atl] index
a.ﬁomalies 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
'ovef the east Africa key area. | | |
The Indonesia sea—Iével pressure a.nomély index is positively associated with fhe east Africa
ramfall 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 (Hastenrath et al., 1993) have
established that high pressure anomalies over Indonesia are accompanied by low pressure
anomalies over the western Indian Ocean. This setup suggests a general westward moisture
advection from the Indian Ocean into east Africa. Both (QBO0O30 and Nino3 indices have poor
~ correlation with continuous east Africa rainfall. The Nino3 index association with east Africa
 rainfall appear to be seasonally locked as shown in chapter 6.
- Table 5.1d: Correlation coefficients between rainfall key areas and Global ihdices"

INDICES Rainfall key areas
Southern Affica East Africa

QBO30 0317

IndSLPa 0427 0.307

Nino3 -0.470 0.047
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52.3.0 Temp_exélﬁzre key area indices associations with environmental key area indices
5.2.3.1 Southern Africa temperature and Envirpnmental key areas

Most of the oceanic and atmospheric paraineter 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 associatioﬁ with this temperature iﬁdex are zonal wind
' index Ind, and meridional wind indices Atll and Ind. The coﬁelaﬁon beﬁveen SST indices
1nd+At1 and Ind, and the southemn Africa temperature index indicate h;gh correlation coefficient

values.

5.2.3.2 East Africa temperature and Environmental key area

Almost all of the environmental parameter indices are positively assoéi_atcd with temperanrlreroﬁer
© east Aﬁ'lca except the zonal wind index Ind. All correlation coefficient values which are not
sigmficant at $5% level are not shown in the table in table 5.2. The twb SST indices Ind+AtI and
Ind indicate relatively higher association with the east Africa temperature key area index. These |
indicés, seem to- higb}y inﬂuencé teﬁ1peratu1fe variability over éast Africa. Correlating
environmental parameter key area indices with tem;ﬁerature provide higher correlation coefficients
than cdnelatiug- 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

5.3.1.0 Environmental key areas and glebal indices associations with gridded continental

Africa rainfall . | o _
In this section environmental key area and global indices associations With gridded continental
* Africa rainfall are mapped (i.e. inwardly). Correlation coefficients are calculated between._ali
environmental parameter key area index and rainfall time series at each terrestrial gnd pointover
the African continent. Low period signals, With periods less than 1.5 years, are removed to retain
the inter-annual variability, using CWT as explained in chapter two. The idea here s to see how -
inter-annual rainfall, over different regions of Africa, associates with oceanic and atmospheric

patterns.



- Table 5.2: Correlations between temperature key areas and environmental key areas

Temperature Southern Africa East Africa

SST Ind+Atl o 0.56] 0.75
SST Ind-Atl 0.25 0.28
SST Ind 0.55 0.80
SST northAtl ' 0.29 0.48
SLP eastind 0.27

U Atl+Ind 024 0.27
UInd B -0.36 -0.32
U At : , 0.20

U Atl2 0.24

V Atll : - -0.39

Vind BE -0.39

IndSL.Pa _ e 0.43 0.37}
Nino3 0.43 0.48

53.0.188T kef area indiées associations with gridded continental Africa rainfall

The SST index Ind-Atl is positively associated with rainfall over east Africaand the Congo basin,
and negatively associated with ramfall over southern Affica, fi 1g. 5.1 {c). It should be noted
however that the SST index Ind—Atl is always (>0°C) during the 1965-1995 penod; Wthh .
suggest that temperatures over the Indian Ocean were always higher thap those over the Atlantic
N Oceaﬁ. This implies that relatively warmer SST over the western Indian Ocean and relatively
cdoler 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 Ind are
" negatively associated with rainfall over Namibia, Angola, Mozambique, Malawi and Zambia figs
5.1 (a, b). |

53.1.2 SLP key area indices associations with and gridded continental Africa rainfall
The conﬁnental gridded rainfall correlation coefficient patterns with SLP indices Ind+At] and Ind-
Atlare smular These two indices are posmvely associated with the inter-annual rainfall over east
Africa and negatively associated with rainfall over southem Africa, i g.5.2 (a)and fig.app5a (a).
Positive SLP index Ind+Atl means high pressures over the Indian Ocean, in the box 40°E-100°E,
10°N-10°S and high pressures over the Atlantic Ocean, in the box 50°W-0°, 10°N-20°S. A
positive SLP index Ind-Atl Suggests higher pressures over the Indian Ocean thanlover 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 of east Africa, Angola and Congo, fig. app5a (b). The SLP iﬁc_lices eastlnd 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 minfall

over southern Affica.

5.3.1.3 Zonal wind key area indices. associations with gridded continental Africa rainfall
. The zonal wind component index Atl+Ind1 is shownto be negatively associated with rainfall over
- Angola, Namibia, southern South Africa and Mozambique fig 3.3 (a). Negative (positive)
association is revealed between zonal wind éomponent index Ind and rainfall over northeast
(southern). These assoctations suggest that easterﬁés over the Indian Ocean, in the box 70°E-
100°E, 10°N-10°8S, favours more rainfall over east Africa and less rainfall over southern Africa
while westerlies have the opposite result ﬁ.g. 5.3 (b). The zonal wind component index Atl 1,is
negaﬁvely associated with rainfall over southwestern Africa and positively associated with rainfall

over eastern Africa (not shown).

5.3.1.4 Meridional wind key area indices assdciations with gridded continental Africa

rainfall | | |

Rainfﬂl over east South Africa shows a positive assoéiation with the meridional wind component

index Atll. Outof the three meridional wind component indices selected only the meridional wind

_ corriponent index Ind that shows a ;easonable association with southern Afiica rainfall. This
meridional wind index is shown to be positivefy 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 40°E - 70°E, 20°N-10°N, are revealed to be associated with a decreaée of
rainfall to the s_dutheast of Africa wher_t;és southerlies over the region have an effect of increasing

- rainfall over the same areas. The stronger inter—_hemispheric transfer of momentum retins

convection in the equatorial band through monsoon re-curvature,

53.1.5 QBO30 index association with gridded continental Africa rainfall
~ The QBO30 index shows good association with rainfall over southern Africa. The positive |

association suggests that wet conditions over southern Africa may be expected during the
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westerly phase of QBO30, fig 5.4 (a). Similar résults have also been revealed by Mason, (1992).

Generally weak positive association is revealed over northeastern Africa.

5.3.1.6 Indonesia SLPa and Nino3 indices association with gridded continental Africa
rainfall

The IndSLPa and the Nino3 indices are discussed together as they are very closely associated and
also. give similar correlation coefficient patterns. The Nino3 and IndSLPa indices are shown to
be positively associated with inter-annual rainfall over east Africa and negatively associated with
inter-annual rainfall over sbuthem Africa, fig. 5.4 (b, ¢). Similar results have been revealed by
other researchers (Ogallo, 1988; Mason, 1992; Hastenrath, 1993). | '

3.3.2.0 East and southern Africa key areas rainfall associations with gridded oceanic
and atmospheric parameters over the Atlantic and Indian Oceans

Associations between area-averaged ramnfall indices, over east and southemn Aﬁica,- and
oceanic/atmospheric parameters over the Atlantic and Indian Oceans are determined by
- calculating correlation coefficients. Correlation coefficients are calculated between a rainfall index
and an oceanic/atmospheric parameter time series, for the data between 1965 and 1993, at each
grid point over the Atlantic and Indian Oceans. Correlation coefficients (S0 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 ﬂuétuations 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 of predicting rainfall over

the two selected areas, i.e. east and southern Africa

53.2.1 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 centrai Indian Oéean and negatively associated with SSTs over the Atlantic Ocean, east
of south America. Rainfall 6ver east Africa key area is also shown to be negatively associated with
SSTs over southeastern Indién ocean, in the box 85°E-100°E, 10°S-35°S, fig 5.5 (a). It is further
revealed that hlgh pressure anomalies over the eastern Indian Ocean and Atlantic Ocean east of

south America are positivély associated with rainfall over the east Africakey 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 coutinental Africa temperatnre
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 Ind-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 ceniral part of the continent figs 5.7 (a). Pressure rises over
the key areas could partly be a result of temperature falls while pressuie fall could be partly
explained warming. The mapping of correlation coefficients between SLP indices AtiDipole,
eastAtl and NwestAtl and continental temperatures are similar fig 5.7 {b). Interesting paﬁerns m
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 that the 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.

5.33.3 Zonal wind key area indices associations with gridded continental Africa

_ temperature | 7 ' | | | '
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
weaker Azores and Mascarene anticyclones may result in higher temperatures over the southeast
and central Africa. Stronger anticyclones support stronger south-easterlies ﬁ'om the colder
s_.outhem hemisphere to penetrate into the tropics. The correlation map of fi £ 5.8 (b) suggests that |
westerly wind aver the indian Ocean, in an area associated with the zonal wind componént index
Ind, generally resuits in falling temperatuzes over the continent. With westerly anomalies over the'_
Indian Ocean cooler air from the Cooler Atlantic Ocean penetrates into the continent thus cooling
it. Associations of zonal wind compoﬁent indices Atl+Ind2, Atll and Atl2 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
temperaiure |
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. Helena anticyclone with southerly winds components (positive V), to the right of the
anticyclone, may result in tempefature fall over southern and eastern Africa fig. 5.9 (a). Similarly
lpositive 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 westemn and southern tip
of Africa. Itis ﬁxrtherrrevealed that northerlies over this key area are associated with temperature

rises over central and southeast Africa.

5.3.3.5 Association between QBO30 index and gridded continental Africa temperature.

The association between the zonal wind component Index (QBO30) and temperatures over the
~ Aftican continent are shown to be patchy. However, l;'xrge correlation coefficient values are shown
over the southeastern Africa. This reIationShip implies that the westérly phase of QBO30 is

associated with temperatures rises over the southeastern Africa fig 5.10 (a).

© 5.33.6 Association between Indonesia SLPa and ENSO—NinoZS indices and gridded
continental Africa temperature '

As stated in previous sections the Indonesia SL.Pa and ENSO-Nino3 indices represent a similar
signial as they are highly correlated. The correlation coefficients between gridded continental
Africa terﬁperatt’u‘es and the IndSLPa and ENSO-Nino3 indices reveal similar patterns which
1mply 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 Nino3 in a similar manner. In
. 'shoﬁ one could say that tempefatures over central and southern Africa respond positively to

Nino3 while temperatures over the coastal strip of west Africa and northeastern Africa respond

negatively.
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5.3.4.0 Temperature over the eastern and southern Africa key aréas associations with
gridded oceanic/atmospheric parameters over the Atlantic and Indian Oceans _
The variability of oceanic and atmospheric parameters, at the inter-annual time scales, can have
an influence on the vanability of femperanlres over the continent. In order to undérétand the

- association between area-averaged temperature indices of east, central and southern Africa énd
oceanic and atrﬁospheric parameters over the Atlantic and Indian Oceans a correlation analysis
at zero 1s done. Correlation coefficients are calculated between a temperature mdex and an
oceanic/atmospheric parameter time series, for the data between 1965 and 1995, at each gnd A
point. All the time series are low-pass filtered, using the continuous wavelet transform to obtain
adata series with oscillation period greater than 1.5 years. Correlation coefﬁcnents (90 values over
the two oceans) are then mapped. Areas withssi ignificant correlation coefficients indicate that the '
particular parameter has ap association with the respective temperature index. Three and six
inonth_ lag correlation coefficients have not been calculated as is the case with rainfall. Discussion
of results will be done simultaneously inthis section for both the east and southern Africabecause

the correlation coefficient mappings obtained are very similar.

3.3.4.1 Association between temperatureé over east and southern Africa key area
indices and dceanic!atmospheric parameters | |

The mapping of correlation coefficient values betwéen temperature over the east and southem |
Afnca key areas and gridded SST over the Atlantic and Indian Oceans, at the inter-annual time
scales, reveal similar patterns as shown m figs 5:11 (a, b). "ﬂle difference between the two i's‘in
the magnitude of the correlation value. Itis generally shown that temperatures over the two areas

are positively associated with sea surface temperatures over the equatoriél Atlantic and Indian

Oceans and also the southern hemisphere sﬁbtrbpical Atlantic and Indian Oceans. Temperatures - -

over the Benguela upwelling region are directly associated with temperatures over the two
continentai areas. Figs 5.11 (c, d) shows the mapping of correlation coefficient values between
the east and southem 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 pressui’és over
the southern central Indian Ocean and southern and southwestern Atlahtic Ocean are negatively -

associated with temperatures over the east and southern Africa key 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, f). Temperatures over the east and southern A frica 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 anérnaly field, from the cold southemn hemisphere, injects cold temperatures

mto the southemn and southeastern parts of the continent.

. 5.4.0 Inter-annual relationships _b.etween rainfall and environmental parameter key area
indices |
Linear correlation analysis performed in the preceding chapter between rainfall over east and
‘southern Africa, ana environmental key area indices have indicated that some indices_ have good‘l
association with some rainfall key areaindices. Regional as well as global indices have been used
in the calculation of these correlation coefficients. The i'esults make us speculate that some part
of the variability of rainfall over eést and southern Africa mayr be partly explained by these
_regidné]/ olobal climatic indices. Table 5.3 gives the list of environmental key area indices Which
have shown good relationship with rainfall over. these arcas and are considered for further
-analysis. It should be noted however, that high correlation does not necessarily tmply 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 5.3: Sclected 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
eastAfl -0.24
SLP Ind+Atl -0.30 |
eastAtl . o g 0.42
|eastind | -0.38 038
U | Ind 024 0.54
Atll 0.29 0.21
Y | 1 Ind 0.33
1588 QBO30 0.32
SLP mdSLPa  ° | -0.43 - o3l
SST Nino3 047 |

The relationships between these indices and rainfall are fur:hef investigated gréphically tohelpin
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
S-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 mth

. oscillation péﬁ'od less than 18 months (1.5 years) are filtered using an 18-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 tim€ series due to the nature of the 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 lbw frequency component of rainfall time

| series and y(2) as the low ﬁ-equenéy component of an 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 persbnal communicétion). '
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5.4.1 Relationship between southeru African rainfall and SST index Ind+Atl
The SST index Ind+Atl is plotted against the southern Africa rainfall key area time series as
7 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+Atl. The middle plotoffig 5.12
displays the cross-wave spe_ctral modulus of southern Africa rainfall and the SST index Ind+Atl.
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 12-year period band between 1970 and
1993, Thé bottom plot of ﬁg 5.13 displays the instantaneous time delay between rainfall over
southern Africa and'SST index Ind+At] time series. Positive values indicate rainfall is leading (in
months) and negativé values the SST index Ind+Atl is leading. The plot shows that between 1966
and 1984 rainfall was leading the SST index Ind+Ati between 1 to 4 months and at times there
were simultaneous responses between the two. Between 1985 and 1990 rainfall was ieading the
SST index Ind+Atl index by about 10 months while between 1991 and 1994 the SST index
Ind+Atl was leading rainfali by about 12 months. | |

5.4.2 Relationship between southern Africa rainfall and SLP index Ind+Atl
The plot of SLP index Ind+Atl time series against the southern Africa rainfall time series is
diéplayed m fig. 5: 13’_ (top). This plot indicate that rainfall over southern Africa is negatively
associated with the SLP index Ind+Atl for a greater part of the time between 1965 and 1995. The
rainfall over southern Africa and SLP index Ind+Atl have shown coupling at different period
bands between 1 965 and 1995 as indicated fig. 5.13 (middie plot). The cross-wavelet spectrum
plot indicates high cross-wavelet spectral modulus values between 1965 and 1978 in the 1.5 to
3-year period band, between 1980 and 1991 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+Atl time series leading almost throughout by an average of between 15 and |
22 months. |

5.4.3 Relationship between southern Africa rainfall and SLP index Ind

The reiaﬁonship between the southern A frica rainfall and the SLP index 1nd time series isrevealed
in fig. 5.14. The SLP index Ind time series is plotted against the southern Africa rainfall time
series fig. 5.14 (top), which reveats that southern Africarainfall is negatively related with the SLP
index Ind. The cross-wavelet spectrum of rainfall over southem Africa and the SLP index Ind
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indicates hi gh 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 pen'od band. From 1970 to 1-980 _
oscillations period modﬁlates from 3 to 4—yearrperiod tol.5t0 2-yéar period. Some small cross-
wavelet spectral modulus amplitudes are indicated from 1974 to 1993 in the decadal period band.
The instantaneous time delay betweeﬂ the southern A frica rain and the SLP index Iﬁd time series
is shown in fig. 5.14 (bottom). This plot reveals that the SLP index Ind leadmc' rainfall for a
longer time period from 1965 to 1985 with an avemge period of about 2 to 4 months.

5.4.4 Relationship between southern Africa rainfall and U index Ind |
The relationship between the s;)uthem Africarainfall and U index Ind time series is shown in fig.
app5b. The top plot disﬁlays the plot of the southern A frica rainfall time series against the Uindex
Ind time series. This plot show that rainfall over southemn 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 southemn Africa rainfall and the U index Ind time series reveals relatively large
spectral amplitudes from 1967 to 1980 m the 1.5 to 3.5-year oscillation period; and from 1977
" 10 1993 in the 2 to 5-year oscillation period. In the 8 to 12-year oscillation pertod some relatively
~ large spectral amplitudes are indicated from 1968 to 1990. The plot of instantaneous time delay
between the two time series indicates that the U index [nd time series lead southern Africa rainfall
for most of the time between 1965 and 1995 w1th an average time of about 5 months except from
1886 to 1990 when rainfall was leading.

5.4.5 Relahoushlp between southem Africa rainfall and U index Atl 7_
| The relationship between the southern Africa rainfall and theUAtIl index is graphically dlsplayed
in ﬁg 5.15. The U Atll mdex plotted against southern Africa ramfall 1s shownin fig. 5.15 (top)
and reveals the 0pp051te association between the twao time series. Fig. 5.15 depicts the Cross-
wavelet spectrum of the southem Africarainfall and the U Atll index time series. Relatively Iarge
. 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
revealéd are the relatively large cross-wavelet spectral modulus values betwéen 1966 and 1990
in the 8 to 15-year oscillation period. Fig. 5 ..15 ..(bottom) displays the instantaneous time delay
' between two _tjme series. This plot shows southem Africa rainfall leadiﬁg the U Atll index ﬁme
series for most of the time from 1966 to 1995 except from 1983 to 1990 and from 1993 to 1995
‘with an average time of about 20 months. o R



5.4.6 Relationship between southern Africa rainfall and 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 ramfall time series. The plot indicates that the southem
Africa rainfall is positively associated with the V index Ind. The cross-wavelet spectrum of the
southern Aftica rainfall and the V Ind 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 34 year oscillation period.
Relatively weak cross-wavelet spectral modulus values are indicated between 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 ramfall and QBO30 index

The southern Affrica 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 quu]us ﬂ/alues are revealed almost throughout the whole time in the 1.9 t0 2.9- |
year period. Lower amplitudes however, are indicated between 1983 and 1986 (middle). Theplot
of instantaneous time delay between the southern Africa rainfall and the QBO30 index (bottom)

shows that there has been alternating leadership in the two time series.

5.4.8 Relationship between southern Africa rainfail and Nino3 and IndSLPa indices.

The regional index over the eastern Indian Ocean, [ndSLPa and the global index, Nino3 over the
Pacific Ocean are discussed in the same section as all are ENSO signals. The two ENSQ indices
are shown to be positively associated with the southern Africarainfall figs. 5.18 and app3c (top).
The cross-wavelet spectrum between the southern Africarainfall and IndSLPa, and Nino3 reveal
high cross-wavelet épectral 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 andNiﬁoB indices is in the cross-wavelet spectrum results shown in figs. 5.18 and appSc
(middle). It i.s shown that there are relatively high cross-wavelet spectral modulus values between
the southem Africa rainfail and IndSLPa than the southern Afiica rainfall and Nino3 inthe 10 to
12-year period. 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 app3c (bottom).

5.4.9 Relationship between east Africa rainfall aﬁd SST index Ind-Atl

East Africa rainfall is shown to be positively associated with SST index Ind-Atl for most of the

time between 1965 and 1995 fig app5d (top); The cross-wavelet Spec&um of the two time series

~ fig. app5d (middle) indicates relatively high spectral modulus from 1965 to 1975,1980t0 1987 .
- and 1993 t0 1995 in the 1.8 to 3-year period band. In the 3 to 5-year period band relatively high

_spectraj values are indicated from 1974 to 1993. Fig. app5d (bottom) shows the instantaneous

~ time delay between the two time series. The SSTindex Ind-At] index leads the east Africa rainfall

from 1965 to 1982 with an averﬁge lead time of about 4 to 6 months. From 1982 to 1991 east

Africa rainfall leads the SST index Ind-At] with an average lead time of about 5 to 10 months. For

the remaining time the SST index Ind-Atl leads rainfall with an average time of about 5 months

5;4.10 Relatidnship between east Afriéa rainfall agd SST index eastAtl

Fig. 5.19 (top) shows that the SST index eastAtl index to be positively associated with thé east
Africa rainfall. The cross-wavelet spectrum of the 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 4 to 7-year period band, and between
1966 and 1990 in the 9 to 12-year period 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- middie). Betwéen 1983 and 1990 the SST index eastAtl leads east Africa _
' rainfall. |

5.4.11 Relationship between east Africa :;aihfall and SLi’ index eastind - _
For most of time the east Africa rainfall is shown to be positivély associated with the SLP index -
eastind fig. 5.20 (top). Relatively larger spectral arﬁplitudes are indicated from 1965 to 1993 in
the 3 to 5 year period band and also from 1965 to 1975 rélatively high spectral amplitﬁdes are
indicéted fig 5.20 (middle). The east Africa rainfall is shown to lead the SLP index eastlnd for -
most of the time between 1965 and 1995 with an average lead time of :ébout 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 Ind is multiplied by -1 for plotting purposes). The cross-wavelet spectrum of
the east Africa rainfall and the U index Ind time series is shown in fig. 5.21 (mid&le). The plot
shows relatively high spectral amplitude from 1970 to 1990 1n the 3 to 3-year oscillation periods.
The U index Ind is shown to lead the east Africa rainfall from 1996 to 1980 with a lead time of
about 0 to 4 montbs. From 1980 to 1995 the east Africa rainfall leads the U index Ind with a lead

- time of about 0 to 7 months. The piot shows high spectral amplitude from 1970 to 1990 in the

3-5-year oscillations period band.

5.4.13 Relationship between east Africa rainfall and U index Atll

In fig. appSe (top) the U index Atll time series is plotted against the east Africa ra'mfaﬂ time
series. Tﬁis plot shows that the U index Atl is positively aséociated with the east Africa rainfall.
The cross-wavelet spectrum fig appSe (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 Atll by

an average lead time of about 5 months.

5.4.14 Relationship between east Africa raiﬁfall and IﬁdSLPa index

Positive association is indicated in the plot of east Africa rainfall against the Indonesia SLP
anomaly ix:;dex IndSLPa. The cross-wavelet spectrum of the two time series fig 5.22 (middle)
shows relatively high spectral amplitudes in the 1.910 3, 3 t0 6 and 9 to 14 year period bands.
In the 1.9 to 3-year period 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 rainfail léading the IndSLPa 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 chapter have revealed that a number of environmental

parameters, represented by key areas, are associated with rainfall over east and southern Africa.
Although ahigh correlation 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 mederstood that there is an interaction with the ocean and the
- upper atmosphere (e.g. zonal winds, ocean ekman dwergence and changes in SST). Changes in
the heat content of the ocean are transfem:d mto the atmosphere by convection and modulate the
circulation. Bearmg n mmd, the physical importance of the environmental key areas and the
degree of associati_on with rainfall over east and southemn Africa, specula_tions of mechanisms
~ responsible for the inter-annual rainfall variability over the tropical hi ghlands of Africaare given

in chapter 7.
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Fig. 5.1: Correlation between continental Africa gridded rainfell and environmental indices,
Dashed (continuous) lines represent negatives (positive) correlation coeffidents. (a) Correlation
btw rainfall and SST Ind+Atl, (b) Correlation btw rainfall and SST Ind (c) Correlation btw
rainfall and SST Ind-Ad
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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
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_Fig. 5.16: Low frequency variability of southern Africa rainfall (Filtered using an 18-
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Fig. 5.18: Low frequency variability of southern Africa rainfall (Filtered using an 18-
month Gaussian filter) (bold) and -Nino3 (thin) for the period August 1965-May 1995.
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~ Fig. 5.20: Low frequency variability of east Africa (Filtered using an 18-month Gaussian
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Fig. 5.21: Low frequency variability of east Afvica (Filtered using an 18-month Gaussian
filter) (bold) and U —{Ind) (thin) for the period August 1965-May 1995. Modulus cross-
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Fig. 5.22: Low frequency variability of east Africa (Filtered using an 18-month Gaussian
filter) (bold) and Indonesia SLPa (thin) for the period August 1965-May 1995. Modulus
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CHAPTER 6

6.0 Forecasting Potential
6.1 Introduction 7 S ,
?‘he rate of population growth of_- many African countries is faster than the rate at of food
production. This irsbalance is partly due floods and floods. Frequent droughts and floods in .
recent years have affected agricultural production and have left many African coﬁntriss with a
deficit of food to feed their citizens. A way should be sought to.address this problem. One way
ofaddressing this problem is thfough using accurate and time seasonal forecasts. Seasonal rainfall
forecasts may help farmers increase: food and cash crops production to support economib grbwth
- intheirrespective co;intries. Other sectors which may also benefit ﬁ'om seasonal rainfall forecasts
inﬂie planniﬁg of their activities are water, financial, resource consumption, recreation, health and
li_#estock- . B
" 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 shown promising association with rainfall over some parts of the tropical highlands -
of Africa. qurelzition analysis befween rainfall and temperature and other oceanic/atmospheric
parameters at various lags were pérformed. A good association of a predictant and predictor at
* three or six months lead-time implies that a predictor maybe useful in operational forecast.
‘ éonelaﬁng rainfall data with 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.¢., rainfall is absent 6-7 months of the 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
second problem with this method is that the correlation coefficient does nothave a time reference,
i.é_ it is not assigned to ahy particular month or season. To address these problems then rainfall
as well as predictéf parameters are aggregated into three-month values to produce seasonal time
Serics. E\}entuaﬁy specific predictant seasonal js.eries of interest are correlated with particular
seasonal values of predictoi-s. The rainy period over the tropical highlands of Africa is betwegn
October and June of the fbllowing year. In this sfudy two rainy seasons for both east and southern
Africahave been selected to invéstigate 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 idenuify predictors. Similarly,
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association between MAM rainfall and SON, DJF and MAM oceanic/atmospheric parameters are
investigated. Correlation analysis between oceanic/atmospheﬁc parameters over the designated
action centres and gridded ramfall over the continent shall be done and coefficient mapped as in
 chapter 5 (inward mapping). In order for a forecast to have any benefitto farmers and other users,

a suﬁ'imently long lead-time is required such that forecasts can be used in strategic planmng of |
their activities. For example, farmers can prepare agricultural activities as well as choose the i ight
variety of crops to grow. Similarly water resources or energy managers can release water from
their reservoirs if flood forecast is givenor use the reservoirs’ water caretully 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 following propef_ties are important fdr predictors: persistence, é.tabilitj and useful lead-time.
Persistence in this context refers to slow evblution; for example, one would require a parﬁmetef‘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 hlgh and non varying correlatlon coefﬁcmnts with a
predictant over years. For example, the correlation coefficients between rainfall and Nino3
'calculated between 1930 and 1960 and between 1961 and 1990 should be similar. It is also |
important for the prechctor to consxstenﬂy lead the predwtand i.e.changesina predmtor shou.ld
occur first before those i in a predictand. In this chapter the predictability potential of seasonal
rainfall over the tropical hi ghlaﬁds of Africa s studied by investigating oceanographic/atmospheric
paramctérs which show persistence, stabi]_jty and have useful lead time with seasonal rainfall over
east and southern Africa. In scct.ion 6.2, lag correlation coefficients between African seas'o'ﬁal
-rainfall and environmental parameters will be discussed thIe in section 63 correlation
coefficients between rainfall over Africaand environmental parameters at season lags oneandtwo
will be presented. Potential predictors are tabulated in table 6.3 and 6.4 and summarised in section
- 6.3.5. Section 6.2 gives the correlation coefficient at three and siﬁ—month lags with respect to
filtered continuous monthly data. It should be noted however, that results 'd_o not focus on a
particular month or season. Section 6.3 investigates the forecasting potential of the east and ~ -
southern Africa rainfall at one and two seasonlags. If the potential is high then 0perahonal multi-

' vanate statistical models can be developed using non-collmear predlctors



6.2 Three and six-month lagged correlation
Table 6.1 provides correlation coefficients for east and southem Africakey areas at three and six
month lags and sheds some light on predictability potential. The results indicate that the two
rainfall indices are oppositely associated with a majority of environmental parameter indices and
correlation coefficients are higher at three month lag than at six month lags (zerolagis discussed
in chapter 5) for a nﬁmbcr 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 séuthem Africa key area a number of environmental parametef indices ha\}e
shown some promising-results though the degrees of associations are not very high. The IndSLPa
and Nino3, (Whic_:h are ENSO signals) and QBO30 demonstrates good association with rainfall
over sé_uthem Affica at three and six months lags. The IndSLPa, and Nino3 however, hold some
limited forecasting poteﬁtia] for rainfall over east Africa. The SLP pressure index which links the
' ,sifnﬁ]taneous activity over the Atlantic and Indian Oceans indicate that they have good association
with rainfall over theA east Africakey area. Thesc results suggest that rainfall over east Afnica is
*most respdnsive to SLPoverthe Atlantic Ocean. A humber of regional environmental indices hold

| predictive potential for éast Affica rainfall at 3- and 6-month lead time.

63.0 Mapping of season lag correlation coefficients

E Rainfall indices aré created by aggregating three-month values to obtain DJF and MAM seasoﬁs;
the prédibiant seasons. Seasonal data for environmental parameter indices are also created for
correspoqding zero, three and six month Iags. Correlation analysis is then performed between

rainfall indices and environmental indices at these seasons’ lags.

6.3.1.0 Sea surface température

6.3;1.1 Relationships between continental Africa rainfall and index SST Ind+At}
Attention is giveh to peak rainfall seasons when discussing correlation coefficients over east and
. southern Africa: DJF and MAM (figures for DJF season pot .shown). DJF rainfall over western
Angolaand some parts of the Democratic republic of the Congo (DRC) is shown to be positively
asséciated with the SST index Irid%Atl index at all lags. Negéﬁvé association isrevealed between

the DJF SST index Ind+Atl and DIF rainfall over southem Africa while east Africa DJF rainfall

is shown to be positively associated.



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.lag | 6 Mon. lag
SST Ind+Atl -0.17 02
SST AtlDipole ' 027 0.25
SS8T Ind-Atl 03 (.30 0.38 022
SST Ind 20.15 _ 0131
SST eastAtl 0.15 - 027 -0.37 -0.39
SST northAtl 0.13 .14 -0.15
SLP Ind+Ad ' -0.54 031 0.39 0.23
SLP Ind-Atl : . -0.23 -0.24 0.38 0.27
SLP AtlDipole . -0.12 0.17 0.47 041
] SLP easiAtl -0.29 - 028 0.45 0.34
SLP eastlnd ' -0.42 . 036 0.2
SLP NwestAtl . -0.28 024
U Atl+Ind -0.17 ' 02
U Ind 0.33 0.3 -0.44 022
U AtHnd2 : . 0.16 -0.31 -0.257
| U At ' ' -0.19 -0.16
U AtlZ ' 0.13 1 -0.19 | -0.18
V Adl . 0.12 : 0.17
V Atz : A I A Y O 5 '
V Ind : 041 | 0.33
(QBO30 : ' ' 04 - 031
Indsipa -0.42 -0.33 0.19
SSTNino3 ' -0.48 036

Environmental parameters that show association with rainfall over east and southern Africa at
" three and six month lags. Rainfall as well as environmental parameter time series were filtered
to remove all signals with periods lower than 1.5 years using the CWT. All correlation
- coefficients abave are significant at 95% level. (Monthly data used) ' ‘

- During the JJA and E">ON seasons the SST index Ind+Atl is poorly associated Wlth the DJF rainfall
over southern Africa. Over the Congo basin énd Sudan DIF | seasonal rainfall 1s negati\?ely
associated with the JJA seasonal SST index Ind+Atl; The MAM season rainfall over southern
- Affica is Shdwn to be negatively associated with the SON, DJF, and MAM seasonal SST indéx
Ind+Atl; relati-vely higher correlaﬁon coefficients are ;e\}eaied overthe ﬁvestem pans of southern
Aﬁca and southeastern Africa fig. 6.7. North of 10°S the correlation coefficients betwéen MAM
season rainfall and SST index Ind+Atl are weak and patchy, .

' 6.3.1.2'Relationships between continental rainfail and SST index Ind—Aﬂ o
DJF rainfall over Southern Africa is negatively associated with the SST index Ind-Atl index at

season Iagé zero, one, and two. The index is shown to be non-negative throughout the1965-1995
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period suggesting that SSTs over the Atl kej,r area was lower than over the Ind key area. In order
to have ahigh positive (Ind-Atl) index either SSTs over Ind should be higher than SSTs over Atl,.
Tohavelower positive {Ind-Atl) index SSTs over Ind should be cooler and SSTs over the Atl key
area should be warmer but not exceeding SSTs over the Ind key area. Relatively higher 8STs over
the Indian Ocean and relatively cooler temperatures over the Atlantic Ocean suggests higher
~ pressures over the Atlantic océan than over the Indian Ocean key area. This SST pattern favours
an increase of rainfall over Angola, the Congo and eastern Africa and a suppression of DJF rainfall
" over southern Africa, fig 61 (a-c). This pattern of warm west Indian Ocean and simultaneously

cool east Atlantic Ocean is consistent with the uptake of global El Nino.

- 6.3.2.0 Sea level pressure’
6.3.2.1 Relationships between continental Africa rainfall and SLP index Ind+Atl
| The JJA, SON and DJF SLP index Ind+Atl is shown to be negatively associated with the DIF .
rainfall over southern Africa, fig 6.2 (a-c). Positive assoéiation is revealed between SLP index
Iﬁd+A‘d during SON and DJF seasons and DJF seasonal rains over east Africa. Relatively higher
pressures over the Atlantic Ocean supports westerly flow QVer the eastern Atlantic to the Coﬁgo '
basin. Similarly relatively hi ghér pressureé over the central Indian Ocean may strengthen easterly
flow towards Africa. The cénvergeﬂce, which results from the two wind regimes may result in
- rainfall over east Affica. Rélatively. higher pressures over the Atlantic suppress rainfall over
southern Africé as mentioned above. The correlation pattens for MAM rainfall and SLP index
Ind+Atl at all lags are weak and patchy.

6.3.2.2 .Relationships between continental Africa rainfall aed SLP index Ind

Rainfall during the DJF season over southern Africais shownto be negatively associated with the
- SLP iﬁdex Ind during the 1 A,VSON, DJF seasons, fig 6.3 (a-b); correlation coefficients are higher
during the SON sé:ason, fig 6.3 (€). 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, DIF and MAM seasons is negatively
| éorrelated 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 negati{/ely

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 of east Africa
and southeast Africa fig. app6c (c). 7 | -

6.3.3.0 Zonal vﬁnd field _ _
6.3.3.1 Relationships between rainfall and zonal wind component index Ind over east
Indian Ocean k | _ | | ,
Zonal winds over the eastern Indlan Ocean during SON and DJF, represented by the zonal wmd

component index Ind are shown to ‘oe negatively associated with DJF rainfall over east Africa, |

Angola, and the Congo basin and posmveiy associated with the DJF rainfall over southern Africa.
Westerly wind (positive), over the eastern Indian Ocean, induces an outflow from east Africaand -
hence divergence which resiﬂts in reduced raiﬁfall during _;Lhe DJF season (Hastenrath, 2000).
' _ Easteriy winds on the other hand during the SON and DIF eeasons favour reduced rainfall over
- southern Africa during the DJF season. An 'ea_sterly wind towards east Aﬁica brings warm moist
air end rconvective activities fig. 6.4 (a-e) In the SON, DJF and MAM seasons positive zonal
wind over the east Inchan Oceankey areais neganvely associated with MAM rainfall over eastern |
_ Afnca and positively assomated withMAM rainfall over Mozambique and Zimbabwe and Zambia
 fig. 6.8 (a-c). Recent research suggeste that this wind induces ocean Roesby waves to travel

" westward across the Indian Ocean causing changes in SST that shift convection over Affica.

6.3.3.2 Relationships between continental rainfall and zonal wind component index At
over the Atlantic Ocean | | — |
The westerly wind, zonal wind component index Atl2, dunng the JJA and SON seasons are shown
to be negatively associated with DJF rainfall over eastem and central west Africa and positive |
association is évealed over the Central African Republic (figure not shown). During the DJF
- Season this wind index is shown to be posiﬁvely assoeiéte'd with eastern Africa rainfall and

- negatively associated with southern Aftica r_é_infaH. The association between MAM rainfall over
Africa and the 20na1 wind coinponent-indéx Atl2 is poor and patchy.

© 6.3.4.0 Meridional wind field
6.3.4.1 Relationships between continental Africa rainfall and meridional wind component

index Ind over the northwestern Indian Ocean
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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 Affica while negative association is indicated over southeastern Africa, Angola and the
' Democratic Republic of the Congo (DRC) fig. appba (a). The DJF seasonal rainfall over Sudan,
. Zimbabwe Aﬁgola, southwesterﬁ Zambia, and Mozambiqﬁe, Congo basin is positively associated
with meridional wind rcomponent index Ind over the northwest Indian Ocean at season lag zero
| fig. appba (c). Positive association is indicated over Sudan, southwest Affica, Zambia and
Zlmbabwe between SON mendtonal wind component index Ind and rainfall fig. app6a (b).
Positve meridional winds off the coast of east Africa causes upwelling and hence cooling the sea
 surface off the coast of east Aftica. Relatively high pressures, which are introduced due the cool
SST, strengthen the Arabian ridgé. A relatively stronger Arabian ridge has the effect of reduéing
rainfall over east Africa and favouring more ramfall over the Congo basin and further south.
Reduced rainfall bver cast Africa is due to the diffluent ﬁatu;re of the Arabian idge, while more -
rainfall over southern Africa and the Congo Basin is aresult of con-vergence of northeasterly flow
and southéasterljr tlow m the south, and westerly flow from the Atlantic Ocean. A i:ositive
-meridional wind component index over the northwestern Indian ocean, during SON, and DJF and -
* MAM seasons show positive association with MAM rainfall over Zimbabwe, Zambia, Botswana
and eastern South Aﬁica, Gabon and Cameroun fig app6d (a—c). The MAM rainfall over Ethiopia

and Central Africa are positively associated with the Meridional wind component index Ind fig.

- app6d ().

6.3.5 Relationships between continental Africa rainfall and QBO30 index
DJF rainfall over Gabon and Cameroun is shown be negatively associated with the (westerly -‘
phasa)'QBO3O index at season lags zero and one while over southern Africa DJF rainfall is
-p-ositively assoéiated with QBO30 at season lags zero, one and two with relatively high
| aSsociaﬁon at season lag two, fig 6.5 (a-c). The westerly phase of the QBO favours more DJF
rainfall over sbutherﬁ Africa while east Africa shows almost no relationship with the QBO30
indek at season lag zero except at season légs one and two. Similar results have also been revealed

by Mason, (1992). The westerly phase of the QBO during SON, DJF and MAM seasons is shown

" tobe positively associated with MAM rainfall over Zambia, Zimbabwe and eastern South Africa,

' fig. 6.9 (a-c); while itis 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 coefﬁcxents between DJF rainfall and JJA, SON and DJF Nino3 and
IndS).Pa indices are very similar and therefore they will be discussed together. It is revealed that
Nino3 and Indonesia SLP anomaly indices, which are all ENSOsi gnals, are negatively associated
with rainfall over southen_lAfrica, Cameroun and the Sahel at season lags zero, one and two, figs
. 6.6(ac)and appéb (a-c). The IndSLPa i.ndéx shows higher positivé correlation coefficients with o
rainfall over east Africa at season lags zero and one figs. _6.6- (b,_ ¢} and app6b (b, ¢). The
association between DIF rainfall bv:r east Africa and JJA Nino3 index is weakly positive and

| -patchy while the association between DJF rainfall and SON IndSLPa s positive. OVérAncola and _
the Congo basin DJF ramfall is positively associated with JJ A, SON and DJF Nino3 and IndSLPa
mdxces MAM ramfall over southem Africa, Mozambique, northern part of Zarnbia and westem'
parts of the Congo basin is neganvely associated with Nino3 SST and IndSLPa indices durmg
SON, DJF seaSons, though tﬁe association is weak and patchy over some areas figs. 6.10 and
appbe (ra‘-c).. At season lag -zero, i.e..' MAM Séasoh,' the IndSLPa and Nino3 are negatively
associated with rainfall over southern and _.southeasteni Aﬁ'iéa, Gabon and Cameroun and
positively ass'oci'ated bver central Africa and northeastem Aﬁ'ica.r Very poor association is
revealed between rainfall over east Africa and the two ENSO indices, mamly because of seasonal
decouplmg of the I_nd1an Ocean monsoon (Hastenrath 2000)

6.4 Relationships between DJF gridded Africa rainfall and J uné—Sgpt all India rainfall

index _ |

The DJF rainfall over the eastern, southeastern aﬁd southwestern Africa is positively associated
" with the June-September all India rainfall index. Positive association is also indicated evér Westr

African in the Gulf.of Guinea coﬁntries. 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 summer monsoon may result in cooler ocean temperatures
due to decreased insolation because of cloudiness. This on the other hand lead to higher pressures

over the northern Indian Ocean and the Arabian sea and thus relatively stronger Arabian Ridge.



6.5 Persistence
A number of climatological variables exhi‘bit some degree of persistence, 1.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 varnability of sea surface
temperatures over the central Pacific Ocean due to the heat content with depth and heat capacity
{memory) of water (high 'vélues 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
geophysu:al data series has high predictability potentlal 1f 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)i results are
' tabulated to reduce the number of figures. Auto-correlation is calculated after removing respective
long term mean annual cycles. The tabulated values are significant at 5% Ievel Out of all the
indices analysed, only the Nino3, IndSLPa, QBO30 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 stability for selected seasonal predictors
Table 6.3 and 6.4 summarises the stability of predictors for the tropical highlands over Africa.

The stability could be looked into this way: When the correlation coefficients between a predictant
and predictor parameter at lags zero, one and two have significant large values and same sign the
pfedictor 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
of Africa. Sitis further revealed that some parameters over key regional centres could be used to
issue forecasts six months in advance. Global oceanic/atmospheric indices (Nino3 and QBO) have
also shown that ramfa]l over some areas over the tropical highlands over Africa have the potential

of being forecast up to six months in advance.
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Table 6.3: Two, one and zero seasons lag correlation coetficients - Predictor stability for DJF
rainy season; summarised from figures 6.1 - 6.7

Parameter | Predictor Index. | Comment

1SST Ind+Atl Unstable predictor
Ind-Atl | | Stable predictor over southern Africa
Ind - Stable predictor starting at season lag one
eastAt] | Unstable predictor; changing correlation coefficient signs at

season lag zero

NorthAtl " | Patchy
AtlDipole o -Patchy correlation coefficients over southern and east Africa
SLP  |Ind+Att | Stable predictor
' Ind-Atl | Unstable predic;tor; changing sign at season lag zero

AtDipole - High correlation coefficients at season lag two decreasing at
: season lag one and increasing at season lag zero

eastAtl Stable predictor; same sign and about the correlation coefficients.
 at all season lags '

eastInd Stable predictor starting at season lag two -
NwestAtl Patchy correlation coefficients '
U Atltlnd | Patchy but high correlation coefficients over east Afr_ica at -

season lag zero

Ind Stable predictor starting at season [ag one; uegativ'e- correlation
coefficients over east Africa and positive over southern Africa

Atl+[nd2 Unstable prédictor; changing sign at lag season zero
Atll Patchy Correlation coefficients over the target areas
Ati2 Patchy and unstable
\Y fam Stable predictor for south Africa starting at season lag one
| A2 Stable predictor for southern tip of Africa.
| Ind Stable predictor starting at season lag one
QBO30 | Singapore Stable preaictor for southern Africa; weak correlation
- coefficients over east Africa
IndSLPa Indonesia Stable predictor for the two rainfall key areas

SS8T Nino3 stable predictor for southern Africa
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Table 6.4: Two, one and zero seasons lag correlation coefficients- Predictor stability MAM
. ramy seasons; summarised from figures 6.8 - 6.14

Parameter - | Predictor Index | Comment

SST: ind+Atl Stable predictor over southern Aﬁiéa

Ind-Atl ' Patchy correlation coefficients

Ind Stable predictor for southern Africa

eastAt! '| Stable predictor over central and east Africa

NorthAtl Stable predictor over Angola and Namibia; patchy over east

| Africa

AtlDipole Patchy correlation coefficients over southern and east Africa

SLP | md+At - | Correlation coefficients decreasing from season lag two to season

lag zero over southern Africa

eastAtl Stable predictor over both east and southern Africa though
' correlation coefficients are small at season lag zero
eastlnd ' Patchy and unstable over east and southern Africa but stable
- over Mozambique
NwestAt] Stable predictor at season lag one to season lag zero over
' southern Africa '
18] Atl+Ind | Patchy and unstable
Ind Stable predictor over east Africa but unstable over southern
Africa
AtH+ind2 Patchy correlation coefficients and unstable -
Atll Patchy Correlation coefficients and unstable
Atl2 Patchy Correlation coefficients and unstable
v t Adl Patchy Correlation coefficients
Atl2 Patchy Correlation coefficients
Ind - | Stable predictor starting at season lag one to season lag zero
QBO30 - Singapore Stable predictor for Zambia, Zimbabwe and eastern South
Africa; weak correlation coefficients over east Africa
IndSLPa Indonesia Stable predictor for southern Africa and central eastern
' : Mozambique
SST Nino3 Stable predictor for southern Africa and westem parts of east

Affica; weak correlation coefficients over the coastal strip
of east Africa.




Table 6.5: Auto-Correlation Coefficients at lags 2, 4 and 6
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PARAMETER Auto-correlation at lag
2 4 6
Rainfall Southern Africa 0.21
East Afﬁca
SST Ind+At 0.78 0.62 0.48
| AtlDipole 0.71 0.49 038
Ind-At] - 0.55 036 - {023
Ind 0.60 0.45 0.34
eastAtl - 0.62 0.42 0.31
northAtl 1 0.66 0.40 029
SLP Ind+At] 0.33 0.23 0.19
Ind-At} 028 |
AtlDipole 031
eastAt] 0.38 - 0.28 0.28
eastind 0.26
NwestAtl
Zonal Wind | Atl+Ind 0.17
| Ind 0.17
Atl+Ind2 0.16
Atll
1 A2
Meridional Wind Atll
| Atl2 0.35 0.14
Ind 0.18
QBO30 083 0.53
SLP Indonesia 0.94 0.81 038
SST El Nino3 0.83 0.62 039




6.7 Summary

Inthis chapterthe associ_ati‘on of seasonal ramfall over the tropical highlands over Africahas been
considered. Seasonal oceanicfatinosPheric parameters have been analysed into at lags 0, 1 and 2
seasons usiﬁg cross-correlation amplitude as an indicator. Results found in this chapter suggest
that there is a pbtentia_l of predicting rainfall over the highlands of tropical Africa and also that
thesé forecasts can be given up to six months in advance using oceanfatmosphe;'ié 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 monsm‘)n suggests good rains

over the tropical highlands of Africa.
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Fig. 6.1 Correlation between continenta! Africa gridded DIF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffidents. (a) Correlation btw rainfall and 1JA SST over Ind-At; (b) Correlation btw
rainfall and SON SST over Ind-At; (¢} correlation biw rainfall and DIF S5T over Ind-At
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Fig. 6.2 Correlation between continental Africa gridded DIF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coefficients. (a) Correlation btw rainfall and 1JA SLP over Ind+Ad; (b) Correlation btw
rainfall and SON SLP over Ind+AH; () correlation btw rainfall and DIF SLP over Ind+At
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Fig. 6.3: Correlation between continental Africa gridded DJF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeficients. (a) Correlation btw rainfall and JJA SLP over eastInd; (k) Correlation btw
rainfall and SON SLP aver eastind; (c) Carrelation btw rainfali and DIF SLP over eastInd
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Fig 6.4: Correlation between continental Africa gridded DIF rainfall and environmental parameter
indices. Dashed {continuous lines represent negative (positive) correlation coeffidents, (a) Correlation
btw rainfall and JJA U wind component over Ind; (b} Correlation btw rainfall and SON U wind component
over Ind; (c) Correlation btw rainfall and DJF u wind component over Ind
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Fig. 6.5: Correlation between continental Africa gridded DIF rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coefficients. (a) Correlation btw rainfall and 1JA QBO30) index; (b) Correlation btw rainfall -
and SON QBO30 index; (c) Correlation btw rainfall and DIF QBO30
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Fig. 6.6: Correlation between continental Africa gridded DJF rainfall and environmental
- parameter indices. Dashed {continuous) lines represent negative (positive) correlation
coefficients. (a) Correlation btw rainfall and JJA SSTs over NINO3; (b) Correlation btw
rainfall and SON SSTs over NINO3; (c) Correlation btw rainfall and DIF SSTs over NINO3
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Fig 6.8: Correlation between continental Africa gridded MAM rainfall and environmental parameter
indices. Dashed (continuous lines represent negative (positive) correlation coefficients. (a) Correlation
btw rainfall and SON U wind component over Ind; (b) Correlation btw rainfall and DIF U wind
componentover Ind; (c) Correlation btw rainfall and MAM u wind component over Ind
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Fig. 6.9: Correlation between continental Africa gridded MAM rainfall and environmental
parameter indices. Dashed (continuous) lines represent negative (positive) correlation
coeffuicients. (a) Correlation btw rainfall and SON QBO30) index; (b) Correlation btw rainfall
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Fig. 6.10: Correlation between continental Africa gridded MAM rainfall and environmental
parameter indices. Dashed {continuous) lines represent negative (positive) correlation
coefficients, (a) Correlation btw rainfall and SON SS5Ts over NINO3; (b) Correlation btw
rainfall and DJF S5Ts over NINO3; (c) Correlation btw rainfall and MAM SSTs over NINO3
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CHAPTER 7

7.0 Summary and conclusion

7.1 Introduction _
Ratnfall is one of the major cbmponents of the climate system, which support life. For human
beings rainfall supports a nuinber.of sbcid—econbnﬁc activities including' industries, agriculture,
construction, livestock, health, hydro-power géneration etc. Excessive deficient in rainfall may
result in the disruption of these activities and hence the socio-ecoﬁomic well being of the
‘concerned population. rThre ecdnomi_es of many African countries, particularly those poor sub- -
Séhamn couxiﬁ-iés, depend mainly on rajn-fed agﬁculture_as irrigation is outside their reach. The
spatia_l and temporal distribution of tropical Africarainfall unfortunately vardes from year-td—year.
Floods and drought conditions may result in the disruptidn of many socio-economic acﬁvitieé.' :
) Sh(;ftagg of rains fora longer period mayresultina drought which may lead to a serious shortage -
of fodd and pasture foi- livestock. On the other hand heavy rains persisting for a long time pén'od
_may resultin low lying farmlands orsettlements being inundated with wéter thus destroying cfops |
and infrastructure. For example', floods in Tanzania in 1997/98, dismpted agricultural activities,
destroyed food and cash crops, and infrastructures. The total cost to infrastructures was estimated
to be TShs72bil. (Equivalent to US$70 million) (Kémemba, personal comm., 2001). Due to the
' variable nature of rainfall over tropical Africa and dependency of countries 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? Yés,rindeed
together with these fluctuations which at times are extreme, resulting in floods or droughts, it
would be necessary to know in advance the behaviour of the coming seasonal rains. Part of the
aim of this study therefore, was to understand the inter-annual patterns and mechanisms of rainfall
variability over the tropical highlands of Africaand its predictability potential in the context of key
N tropical océan/atxnoSphere parameters. A number of iﬁtemational researchers have done studies
' onr rainfall variability over Africa at different time scales and its association with giobal
teleconnection indices with aims of first understanding its variability and mechanisms thereofand
- second to be able to predict these rains. Few studies however, have been done by local scientists

on the behaviour of the climate system over the tropical highlands of Africa and its association
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with surrounding ocean-atmosphere system. An effort 1s made therefore, to create this

understandimg locally.

Tt is anticipated that seasonal rainfall over some areas of Africa is modulated by global oceanic
“and atmospheric pheﬁomena (ENS_O, ‘QBO, etc) and their vardable ‘uptake’ in regional
oceanic/atmospheric thermodynamic and circulation pattefns._ Firstly, etfor'ts' have beenmadeto
identify and documentr the spatial 'and temporal pattern of rainfall and temperéture over the'
continent of Africa. Secondly to 1dent1fy and document the spatial and temporal pattem of the
oceanic and atmospheric pa:rameters (atlow levels) over the troplcal Atlantlc and Indlan Oceans.
Association between tempera_ture and rainfall overAfnca, and marine environmental mdlces have
been investigéted Finally the predictability potential of intér—annual rainfall over the tropical
~ highlands of Africa using the identified enwronmental parameter key areas has been explored. |
| In carrying out this study different data sets and data analysis methods have been used A recently
introduced technique, the Wavelet Transform (WT) was employt:d to study spectral
characteristics of different time series. In this study a number of findings ha'\}e been méde, a

summary of which is made below:

| 7;2.0 Summarj .
7.2.1 The climatology and aonual cycle of climates over sub-Saharan Africé .
The adequacy of gridded monthly rainfall and temperature data from CRU was investigated. The
CRU data was found tb cbmpare’ well with observed staﬁdn rainfall daté. or ground truth between
1965-1995. Gridded rainfall data was compared With station rainfall data extracted in the same
box for the 1965-1995 period. The cofrelaﬁon coeﬂicién; between the two time series was fouﬁ-ci |
tobe 0.79 significant at 95% level. TheNCEP re-analysis l'ong term seasonal patterns, in the area
70°W-110°E, 30°N-40°S, hias also shown to compare well with previous COAD.SV data used in
- other studies. The NCEP re-analysis was also used to study the cﬁmatology of tropical Africa.
thermodynamic and cuculatlon chmatology over the Atlantic and Indian Oceans (N.[ulenga, 1999).

~ Bysamplinga few modes of rainfall variability results show that about 50% of rainfall variability
is due to the amlual cycle and 10% due to mter-annual variability. Patterns with loading away
from the eQuatorial belt have shown high émplitudes‘at an oscillation period of 1 2 months; which
reflects movement of the sun. 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 bCCIlrShOW'ﬁ that there are
periods when annuat amplitudes are high and other periods when they are low. It is proposed that
inter-annual variability “modulate” the annual cycle.

' 72.2 Inter-annnal spatial and temporal variability
In chapte_i‘ two, it was demonstrated that conversion of PC loadings to key areas is acceptable.
. The sel.ected PC modes majr therefore, be assigned physical meaning. Analyses of the key area
' ﬁine series héve revealed annual and inter—annuai variability of different parameters. Freqﬁency—
time representations of key 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 frequency patterns. Dominant frequencies are in the range 2~4 years and in many
ﬁ cases, amplitudes evolve similarly for rainfaﬂ and SLP as expected. Synoptic features associated
with the major modes of climates around Alfrica have been identified. Principal mechanisms
responsible for these major modes have been speculated and explanations as to how they influence

inter-annual ramfall variability over the tropical Afri_ca have been given. |

i TheVPCA analysis oﬁ-rajnfall, temperature, SST, SLP and U and V wind components with annual
 cycles yielded a number of homogeneous regjons 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 10°N, which explained a total of 81 and 91 variance respectively.
' PCA on marine environmental paraxﬁeters over the Atlantic and Indian Oceanrevealed a numbcr
of homogeneous regions, some of which could be associated with synoptic systems. Similarly
PCA was performed on the above data after removing tﬁe 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 remdvihg seasonal cycles. The fact that
similar épectral patterns could be found in target and environmental datait could be proposed that

. an interrelationship between the climate component do exist.

Most of the 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 coherent patterns depict the nature and seasonality of climates of tropical

A.ﬁlca., south of 10°N between 1965 and 1995.
Many of these patterns have shown oscﬂlatlon periods between 2-6 years. SST and U wmd field

patterns over the central east Indian Ocean in the equatorial belt, have shown strong/large -
amplitude in the 2-4 yeaf period which is similar to ENSO signals. Coherent patterns over the
tropical Atlantic Ocean meanwhile, have shown h.lgh amphtudes in the 2-6 and 8-12-year |

oscillations period. Most patterns in the tropics do not show high amphtudes in the decadal range,

except a few in the Atlantic Ocean (penods above 10 years should be treated with caution becanse N

of the length of record used). It has been shown that southern Afri_éa rainfalls have amplitude in

the 24, 4-6 and 8-14 year period while rainfall over cast Africa has amplitudes in the 2-4 and 4-6
period bands which may suggest that rainfall over southern Aﬁjca could have sﬁonger mﬂuence

from tropical Atlantic Ocean than rainfall over east Africa.

7.23 Relationships between inter-annual rainfall and temperature, and _envifonmehtal '

parameters over the Atlantic and Indlan Oceans

Direct factors in rainfall variability are the SSTs in the more proximate oceans that in turn respond - |

to Pacific ENSO events. Assocxatlons between targets and environmental pammeters are sought

to help in the identifications of potentlal predictors. Results from correlation analyses revealed a

number of envuonmental paramcters, over some key areas, to be associated wlth rmnfa]l 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

Adrica rainfall.

“Pockets’ of relationships between énvironmental parameters, over key areas and continental . -

Africa gridded rainfall have been identified. Some environmental pararﬁeters haverevealedgood .

association with rainfall and temperaiure over some areas of the tropical highlands of Africa.
- Some indices have shown correlation patterns similar to those of ENSO. The behaviour of
temperature variability over the west coast of Africa and the Ccuigo 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 Gulf of 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 of Africa.

o Coxrelatioﬁ coefficient patterns revealed by the outward correlations 5uggest typical scenarios
which could bring about wet and dry conditions over the tropical highlands of Africa. These
‘modes, over tropical ei;uator‘ial belts of the Atlantic and Indian Oceans, have been shown to
expla'inrrainféll up to about 25% over some areas of Africa south of 1 0°N. Temperatures over the
continent are well correlated with SST modes over the equatoﬁal tropical oceans and some of |

these explain more than 64% of temperature variability over some areas of the continent .

. The graphical COmpaxisoﬁ between time series of rainfall target key areas and environmental
parameter key areas have shed some more light on the potenﬁal of predictability of rainfall over
the u-opic_a\l highlands of Africa. Cross-wavelet spectral results over the two areas have revealed
that coupling of ramfall and cmz_ironmental parameters 6ver some key areas occur in the 2-3,4-8,

10-12 year period bands. The time delay results indicate that there is no clear picture as to which

parameter leads. The ossillations are not always in phase nor exhibiting constant lags. The -

- unharmonious nature of these features could sometimes undermine predictability in statistical

~ context. So the idea of reviewing predictor relationships in a time varying manner is well justified.

Anexplanation of physical associations between rainfall over the tropical highlands of Africa 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 (WIO) is relatively warm and the East Indian Ocean (EIO) 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 (EIO). Low SSTs over the east Atlantic Ocean sector
suggests high pressure and a possibility of strengthening of westerly anomalies. A convergence

of moist 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 of convergence due to the warmer -
west Indian Ocean fig 7.1. Fig 7.2 depicts a situation when eastern A_ﬁ-icé is dry and southemn
Africa is wetter. This second scenario is such that the western Indian Oceanis f_:oéler and the east
Indian Ocean is warmer. The Atlantic Ocean which.is relatively warmer maintains a relatively
weak westerly wind anomaly. The cooling over the western indiau Ocean could be attributed to : B
the upwelling off the Somali coast. In this situation a west-east pfessu:e gradient is eétablished '
i'esultiﬁg in having westerly wind flow anomalies over the central Indian Ocean thus drying eastern d

- and the western Indian Ocean. Southern Africa is wet during this time due to convergence of . -

moist au‘ from the Indian Ocean and the Atlantic Ocean.

72.4 Predictability of rainfall over the tropical highlands of Africa
Auto-correlation analyses of predictors and predictants indices revealed ﬁersistence of ﬁp to'six.
months.  Seasonal lag comelations between seasonal gridded rainfall “ and  seasonal
‘oceanic/atmospheric indices show good association of up to three month lags. Over southem
_ Afica more environmental parameters show good association than over east Africa. This
- suggests that ramfall 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 over Nino3 region and zonal wind anomalies over the eastern Indian Ocean.

Results of correlations between seasonal data at season- lags zero, one and two are hjghei' than
- when monthly data were used. This could be due to the inherent nature of monthly 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 becéuse the direct factors of rainfall
variability are SSTs in 'the more immediate Oceans. Very few patterns have shown persistence and.
stability up to six months lag. Rainfall over east Africais difficult to predict especiaﬂy during the.

'MAM season. Nino3 and zonal wind over the eastern parts of the hdianrOCean 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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nterplay 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 should be done to increase more marine observations_over the Atlantic and Indian Ocﬁéns'
and étudies to forecast SSTs bver these dcean basins done, as is over the Pacific Ocean.
Numerical“ studiés should be enhanced to better understand processes 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 AtiDipole time series index (top left),

- {b) annual variabilty of SST AtiDipole (top right), {c)} modulus of the wavelet transform
coefficient for inter-annual variability of SST AtiDipole (bottom left), {d) box for SST

- AtDipole key area (bottom right).
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Fig. App4b: Plots of: (a) Inter-annual SLP AtiDipole 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 ieﬁ:), (d) box for SLP -

Alepole key area (bottom nght)
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Fig. App4c: Plots of: (a) Inter-annual Zonal wind Atl+Ind time series index (top
‘left), (b) annual variability of Zonal wind At+Ind (top right), (€) modulus of the

wavelet transform coefficient for inter-annual variability of Zonal wind Ati+Ind (bottom
left), (d) box for Zonal wind Ati+Ind key area (bottom right).
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Fig. App4d: Plots of: (@) Inter-annual Meridional wind Ati1 time series index (top
~ left), (b) annual variability of Meridional wind Atll {top right), (c) modulus of the
- wavelet transform coefficient for inter-annual variability of Meridional wind Atll (bottom
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Fig. app4e: Plots of: (a) Inter-annual Indonesia SLPa time series index (top left), (b)
annua! variability of Indonesia SL.Pa index (top right), (¢) modulus of the wavelet
transform coefficient for inter-annual variability of Indonesia SLPa index (bottom
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Figures for chapter five. Figure numbers are given in alphanumeric
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Fig. app5a: Comrelation between continental Africa gridded rainfall and environmental indices.
Dashed (continuous) lines represent negative {positive) Correlation coefficients. (a) Carrelation
btw rainfall and SLP Ind-Atl, (b} Correlation btw rainfall and SLP Atidipole (c) Correlation btw
rainfall and SLP northAt '
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Fig. app5b: Low frequency variability of southern Africa rainfall (Filtered using an 18-month
Gaussian filter) (bold) and U Ind (thin) for the period August 1965-May 1993. Modulus cross-
wavelet spectrum coefficients of southern Africa rainfall and U Ind; comparing cycles in the two
time series (middle). Time delay between southern Africa rainfall and U Ind (bottom), where U

Ind 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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Fig. app5d: Low frequency vanability of east Africa (Filtered using an 18-month Gaussian filter)
- {bold) and SST Ind-Atl (thin) for the period August 1965-May 1995. Modulus cross-wavelet
spectrum coefficients of east 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
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Figures for chapter six. Figure numbers are given in alphanumeric
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Fig. app6a: Correlation between continental Africa gridded DIF rainfail and environmentat parameter
indices. Dashed (continuous) fines represent negative (positive) correlation coefficients. (a) Correlation
btw rainfall and JJA V wind component over Ind; (b) Correlation btw rainfall and SON V wind compeonent
ver Ind; (c) Correfatrion btw rainfall and DJF V wind component over Ind
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" Fig. app6b: Correlation between continental Africa gridded DIF rainfall and environmental

parameter indices. Dashed (continuous) lines represent negative {positive) correlation
coeffidents. (a) Correlation btw rainfall anf JJA IndStPa; (b) Correlation btw ralnfall and SON
IndSLPg; (c) Corre{at!on btw rainfall anfd 0JF IndSLPa '
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Fig. appéc: Correlation between continental Africa gridded MAM rainfail and environmental
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(a) Correlation btw rainfall and SON SLP over eastInd; {b) Correlation btw rainfail and DJF SLP
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Fig.appéd: Correlation between continental Africa gridded MAM rainfall and environmental indices.
Dashed (continuous) lines represent negative (positive) correlation coefficients. (a) Correlation ‘
biw rainfall and SON V wind component over Ind; (b) Correlation btw rainfail and DIF V wind
component over Ind; (c) Correlation btw rainfall and MAM V wind component over Ind
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Fig. appée: Comrelation between continental Aftica gridded MAM rainfall and environmental

parameter-indica. 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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