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i i

This report emanates from a project financed by the Water Research Commission (WRC) and
is approved for publication. Approval does not signify that the contents necessarily reflect the
views and policies of the WRC or the members of the project steering committee, nor does
mention of trade names or commercial products constitute endorsement or recommendation
for use.



Executive Summary
Introduction

This research project seeks to develop prediction models for water, climate
and related resources from the following realisations: - the climate of southern Africa
often exhibits large departures from average; - these unexpected events impact water
resources and economic activity; - climate fluctuations are related to nearby tropical
ocean - monsoon conditions; - the fluctuations can be replicated using various
climate and oceanic indices; and - regression equations can be formulated at useful
lead-times to predict the climate.

The methodology presented here is simple and easily implemented with a
small PC and internet connection. This is not to say that statistical modelling is of
limited value. Such models can be trained directly on a desired resource at long lead-
times (here defined as 3 to 6 months in advance). Statistical models compete
favourably with numerical models at lead times greater than three months. However
the assumption of history 'repeating itself is not to be taken lightly. In this regard, we
are fortunate to be able to employ new analysis techniques: to test the stability of
relationships, to achieve optimum solutions and to recognise limitations. In this
research we have explored predictors other than sea surface temperature, considering
that tropical wind circulations and air pressure play important roles in forcing the
tropical ocean into an anomalous state, and in transmitting these effects to wider areas
via slowly evolving 'waves'. Through our efforts we have uncovered key indices that
distinguish the linearly predictable component of climate around southern Africa.
Background

The availability of water in southern Africa is constrained by fluctuations in
summer rainfall. Economic activity subsides during drought years, whilst rivers and
their dams overflow in flood years causing destruction. Accurate long-range forecasts
of streamflows and area- rainfall could play a useful role in mitigating the effects of
climate variability. The research is aimed at developing climatic inputs to
hydrological models at regional level.

This research has carried forward the successful initiative of an earlier WRC
project on long-range rainfall forecasting (WRC 672). This saw the development of
multi-variate models for seasonal-lead time forecasting of summer rainfall. Model
validations gave skill test correlations averaging about 70%, considered to be some of
the highest in the world for seasonal lead times (Jury, 1996). Their success can be
traced to the wide range of climatic predictors uncovered by earlier WRC projects
(WRC 278 of 1994, and WRC 436 of 1996).

The statistical models employed up to 1998 were based on a training period from
1971-1993. Updating of the models to the present (1998) was considered necessary to
capture recent patterns of global ocean-atmosphere coupling and influences of tropical
Atlantic ENSO events. This new research benefited from the NCEP re-analysis data
set. Overlap between the predictors ensured that an understanding of climate
dynamics could develop in parallel with statistical model formulation and testing.
Models with forecast lead times of two seasons were then formulated.



Original aims
The original aims of this WRC project, as outlined in the accepted proposal

included:
(a) Historical analysis of streamflow and rainfall over southern Africa, with

emphasis on inter-annual variability of water resources.
(b) Meteorological analysis of monthly National Center for Environmental

Prediction (NCEP) geophysical data, leading to the formulation and extraction of
suitable climatic predictors in the period 1958-1998.

(c) Development of statistical long-lead forecast models for hydrological
targets which can address the varying influences of the El Nino Southern Oscillation
(ENSO).

(d) Assessment of how long-lead forecasts can be taken up in the hydrological
decision-making process.

(e) Development of skilled manpower through environmental science research.

In retrospect, the project has achieved these objectives, with most emphasis on aims a,
b, and c.

Consolidated summary
The section provides a consolidation of results for each facet of the project. In

the early stages of the project, efforts were placed on extending the earlier results of
the WRC 672 project, using the same predictors and new hydrological target data.
Predictive models were formulated for a number of southern African water resources:

Target Algorithm r2 fit
Midmar +.44<aVang)+.37(oNiV)-.73(oAtlw) = 64
Pongo -.76(aWip)+.25(aMaurV) =61
Vaal -.71(oSIp)-.29(aEIu)+.26(aWCI-AbP) = 52
Gariep +.39(aVang)-.78(oSIp)-.45(oSocnS) = 71
Hartebees -.41(aElv)-.43(aCIst)+.44(aWCI-AbP) =46
Zambezi -.44(aArBst)-.49(oAtlW)+.73(oATpc2) = 73

In one of the studies performed in 1998, hydrological anomalies over Africa
were assessed using annual flow data for the Nile, Niger, Congo, Senegal, Zambezi,
and Orange Rivers; and Lakes Victoria and Malawi. Significant correlations were
uncovered between the various rivers hence it was concluded that hydrological
anomalies are widespread across Africa. A composite analysis of years with high and
low flow, determined a sensitivity to coupling between the zonal circulation over the
tropical Atlantic and ENSO phase.

In studies developed through an exchange visit of Belgian scientist Jean-Luc
Melice, scale-interactions in intra-seasonal to decadal climate variability were
investigated using the continuous wavelet transform (CWT) technique applied to two
long-term data sets: the Nile River flow and Durban rainfall. For Durban rainfall the



annual cycle accounts for 33% of variance, whilst inter-annual fluctuations explain
10%, mainly focused on 2.3 and 4 year bands. Associations between these data sets
and the Pacific pressure index of El Nino (SOI) and the Atlantic SST (N-S) dipole
were uncovered and again demonstrate the widespread nature of inter-annual forcing
over Africa.

In a study performed by senior student S.E. Nkosi, it was demonstrated that
summer rainfall over SE Africa increases when easterly flow is present off northern
Madagascar in the tropical Indian Ocean. The composite analysis of wet and dry years
reveals deep easterly flow differences in the band 5° - 20°S. Convection is reduced
over the South Indian Ocean (0 - 30°S, 60° - 110°E) whilst increased over SE Africa.
SSTs increase southeast of Madagascar in the latitude band 25° - 35°S and couple
with an anticyclonic circulation, which transfers moisture westward to SE Africa. SST
in the tropics are below normal, hence the poleward thermal gradient is reduced and
the associated subtropical jet stream shifts polewards to 40°S during wet years.

The study of drought over southern Africa by N. Mwafulirwa revealed a
meandering of the sub-tropical jet stream around a standing rossby wave with a ridge
on 20°E and trough on 55°E. The structure is such that equatorward flow and
subsidence is produced over southern Africa. Considering the equation: f J dco = J V
V (£ + f) dp.; and substituting appropriate theoretical and observed values; the vertical
motion anomaly (w) is found to be -2 10"3 m s"1. This is sufficient to overcome local
weather events, surface heating and moist inflows, and produce widespread drought
conditions over southern Africa.

In the study by M. Gwazantini, variations in key water resources in tropical
southern Africa were analysed. Wet years were examined and found to be
characterised by an influx of moist monsoonal air from the NE, a zonal overturning
cell connected to the tropical south Atlantic, and a subtropical trough over
Mozambique. Predictor indices were extracted from environmental fields exhibiting
precursor signals at one season lead-time (JAS for DJF). An outcome was the
development of predictive models to forecast changes in the inflow to Lake Malawi
and other water resources of southern Africa. A more general outcome of this work
was the generation of meaningful information on the relative influence of various
global and regional climatic fluctuations.

A study initiated by the project leader in 2000 led to an in-depth analysis of
monsoons around Africa as predictors of rainfall. For southern African rainfall, SST
differences between the southwest and central-west Indian Ocean and the rotational
component of monsoon flow in the central Indian Ocean (which controls ocean
dynamics) play significant roles. For east African rainfall, the surface zonal wind in
the east equatorial Indian Ocean is a key determinant. Westerly (easterly) winds in the
east Indian Ocean favor rainfall in southern (east) Africa, and serve to indicate the
strength of the zonal direct circulation and the east-west SST gradient. The
implication is that East Africa shares a maritime rainfall regime with the west Indian
Ocean, whilst convection over southern Africa is inversely related. The study went
further to analyse mechanisms underlying warm and cool events in the tropical Indian



Ocean. Composite warming is maintained through reduced evaporation and reduced
ocean entrainment, while increased radiative fluxes also contribute. The OND season
is when the fluxes most actively modify SST, and also when the ocean and
atmosphere are most strongly coupled (eg. cloud depth adjusts to SST). The findings
provide support for the use of monsoon indices in predictive models for African
rainfall at two-season lead-time (eg. 6 months). Recognizing that our knowledge of
ocean-atmosphere coupling around Africa is limited, it is suggested that greater in-situ
measurements be gathered as part of GOOS and CLFVAR activities.

In the comprehensive PhD study of senior student E. Mpeta, a principal
component analysis of low-resolution African rainfall and temperature, and Atlantic
and Indian Ocean SST, SLP, U and V wind was done. Five regional targets and 20
predictors were formulated and models were developed over a 30 year training period,
yielding the following results:

Target Most Significant Predictors Fit (r'%)
Rain pel U pc2r + SLP pc3 20
Africa south eq. E. Indian zonal wind +
of Zambezi N-S dipole of press, in Atlantic

The models are based on continuous time series, filtered with CWT to isolate
variability in the 1 .5-9 year band. The southern African temperature has a high
explained variance (partially due to upward trend), contributed by SST varying in-
phase in the west Atlantic and central Indian Oceans. The work demonstrates that
dipole (or two-area) predictors have considerable value. Of the key area predictors for
southern African rainfall: at zero lag the dipole in SST between the SW Indian Ocean
and the western tropical Indian Ocean provides a high degree of predictability. At six
month lead time the east Indian Ocean zonal wind is a useful lead-time indicator of
southern African rainfall.

Using a high resolution rainfall data set, the project leader interacted with
German scientists to produce an optimum regionalisation of African rainfall. Rotated
principal component solutions were calculated for a varying number of PC modes
from 10 to 24. Cross-correlations were computed between the consequent area-
indices. The correlation function displayed an inflection point at a 15-mode solution,
providing a guide to the size of areas used for the training of predictive models. The
consequent models are listed below, with claims of 'fit' deflated using techniques as
outlined later. With a range of models to choose from, an ensemble mean can be
calculated to provide a more reliable answer.

Nov-Mar Rain Multivariate algorithm lead adj r fit
training (yrs)

E South Africa-.63(wiU)+.34<naSST)-.30(eiP)
E South Africa-.44(wiU)+.38(naSST)-.28(atlw2)
E South Africa +.45(angSST)-.53(ciSST)+.49(niV) SON 32 22
old

JAS
SON

33
28
SON

19
19
32



JAS
SON

JAS

32
35

33

39
39
22

W South Africa +.29(ciEvap)-.55(eiP)+.38(swiSST)
W South Africa +.30(seaSST)+.49(eiU)+.32(QBO30)

W South Africa -.69(atlw2)-.46(eiV)
old

In summary, this WRC project has successfully studied, formulated and
implemented models to predict the variability of southern African climate and water
resources, 3 - 6 months in advance. The project has built on past efforts and drawn
ideas from graduate students and collaborating scientists, to provide southern African
water and resource managers with optimum statistical forecasts via the internet
website:

< http://www.lstweather.com/forecasts/cip seasonal outlook.shtml >
The benefits of uptake of this predictive information can be expected to reduce
economic risks by over RIO billion per annum in South Africa. During the lifespan of
this WRC project, forecasts were issued each spring and the models consistently
foretold of the wet conditions that ensued. Further work should seek to separate the
spectral components of the climate system into biennial, interannual and decadal
bands, which could see the lead-time of accurate forecasts increased from 3-6 months
to one year.

Capacity Building and Collaboration
Capacity building during the WRC project took the form of numerous MSc

and PhD students, providing support data analyses and interpretation as part of their
own thesis development. Many of the graduate researchers had considerable
operational experience and were drawn from meteorological services in the SADC.
The following students made important contributions and resulted in the project's
objectives being met. MSc researchers: N Mwafulirwa (Malawi), M Gwazantini
(Malawi), M Matitu (Tanzania), E Matari (Tanzania), E Nkosi (South Africa), PhD
researchers: E Mpeta (Tanzania), A Yeshanew (Ethiopia), A Kozakiewicz (Poland/
South Africa), Post-Doc researchers: J L Melice (Belgium), S Engert (Germany), all
supervised by Prof M. R. Jury. In addition, a number of collaborating international
scientists provided useful inputs, including: A Phillip (Univ Wuezburg), S. Mason
(IR1, Scripps Inst.). B. Huang (Univ Maryland), D. Enfield (AOML, NOAA), and W.
White (Scnpps Inst.).

Preface
Chapter one outlines the objectives of the project, and chapter two - the initial

work that resulted in models for water resources. Chapters 2 - 6 derive from journal
articles in press that were produced as part of the project research, and consider the
regional climatic processes underpinning predictability. Chapters 7 - 8 discuss model
development and project wrap-up, including recommendations for further work.
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Chapter 1 - Introduction, Background and Initial Success

This WRC project is aimed at formulating regional climate predictors, applying these to
indices of local water resources, and developing skilful statistical forecast models at lead-times
suitable for strategic planning (eg. 3-6 months). In doing so, an improved understanding of inter-
annual climate variability is gained and expertise is enhanced.

The water resources of southern Africa are dependent on how summer rainfall responds
to regional and global circulation patterns. Past research has established that it is possible to
predict about 50% of the variance for hydrological targets. Statistical models have been
formulated based on regional predictors using stepwise multivariate linear regression. The long
range forecasts have predicted the correct tercile category in 8 of the last 10 years, and correctly
anticipated the near-normal conditions that occurred in 1998 and 1999 and the floods of 2000.
These models have demonstrated an ability to capture the mix of regional and remote climate
signals in a skilful manner. In addition to extending the existing knowledge base to new target
data, it was recognised that too many predictors had been generated in the earlier WRC research
project. Hence a consolidation phase was necessary. To this end, principal component analyses
of SST, air pressure and wind components was conducted over the Atlantic and Indian Ocean
domain. The results were assessed as potential predictor inputs, following sensitivity tests on the
annual cycle and the application of rotation. Correlation analysis was performed using the
principal component time scores with respect to rainfall and temperature over Africa south of
ION.

Other avenues of research employed composite analyses based on changes in catchment
inflow. A mathematical explanation was formulated to relate how warming of the tropical Indian
Ocean causes an eastward circulation toward lower latitudes and sinking motions over southern
Africa. Another analysis investigated the spatial scale of hydrological anomalies and found that
drought and flood conditions are widespread and related to the tropical Atlantic circulation. A
conceptual model was developed.

To further consolidate the predictors indices were extracted from NCEP reanalysis
products for comparison with continuous and seasonal rainfall indices over Africa. The aim was
to determine how well a few key tropical monsoon indices 'track' fluctuations of African climate
at simultaneous and 6-month lead time. Much of this analysis was performed on low resolution
rainfall data sets. To further analyse the spatial structure of rainfall anomalies, a regionalisation
of high resolution rainfall was carried out for Africa south of 15 N. Various PCA solutions were
analysed and cross-correlated. A change in the correlation function was determined for a 15 PC
solution, and this was deemed the appropriate spatial scale for climate prediction. Further
statistical techniques were investigated to determine whether the lead time could be increased
from one season to one year, using a spectral decomposition into biennial, interannual and
decadal climate components. One of the motivations for this work is the increasing impact that
rainfall and water resources have on the South African economy as illustrated in fig 1-1.
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Fig 1-1 Comparison of annual growth rate and South African summer rainfall over the period
1960-1998. Economic swings are +/- 2%, or about R 25 billion. Since 1980s half of GDP
variance is associated with rainfall (r2 = 48%).

Some of the best research is often an extension of previously generated ideas and
information. In the predecessor WRC project 672 (Jury et al 1997), a prediction system was
developed with demonstrated success in operational application to summer rainfall, temperature
and maize yield in the period 1991-1996. It was recognised that the existing prediction system
could be applied to new data on water resources. Following a workshop in Pretoria in 1997, Prof
W. Alexander provided a hydrological database for the major water supplies of South Africa in
spreadsheet format. It contained monthly catchment inflow data either measured from
streamflow records or estimated from rain gauge data in the appropriate area. The targets
considered for application of climate prediction methodology included the Gariep dam inflow,
the Pongolapoort inflow, the Vaal dam inflow and the Hartebeespoort inflow. Many had time
series of streamflow or estimated inflow dating to the 1920s. All hydrological information was
quality-checked and naturalised using standard techniques common in the field of hydrology, to
remove artificial effects: dam construction or abstraction. Additional hydrological data were
obtained from sources north of South Africa, including the Zambezi streamflow above Victoria
Falls. The new target data were applied to previously identified climate predictors using step-
wise multi-variate regression. These predictors met the required criteria in that they were
spatially averaged over areas > 106 km2, temporally averaged over three month time periods,



aVang
aWCi-ABp
oSiP
oAtlw
aPac2
oNiV
oSocnS
aCist
aEiU
aEiV
aWiP
aMaurV

meridional wind
air pressure
air pressure
upper zonal wind
sea surface temp.
meridional wind
sea surface temp.
sea surface temp.
zonal wind
meridional wind
air pressure
meridional wind

originated from surface data collected across the tropical oceans, and exhibited a degree of
persistence or stability. The sub-set of hydrologically-sensitive predictors are listed in table 1-1
below:

Table 1-1 Most valuable predictors from earlier WRC project
Predictor Parameter Area / borders Lat, long.

west of Angola 5 S, 5 E
south-north dipole 2 N, 55 E
south Indian Ocean 12 S, 55-77 E
central Atlantic 2 S, 20 W
east Pacific Ocean 2 S, 100 W
northern Indian Ocean 12 N, 65 E
Southern Ocean 45 S, 10-40 E
central Indian Ocean 2 S, 62 E
eastern Indian Ocean 2 S, 77 E
eastern Indian Ocean 2 S, 77 E
western Indian Ocean 2 S, 47 E
Mauritius area 17 S, 55 E

a = JAS o = SON months

The predictors include 4 meridional wind indices, 3 air pressure indices, 3 SST indices, and 2
zonal wind indices. Only 1 index is from the Pacific, 2 from the Atlantic, and the remainder are
from the tropical Indian Ocean (8). This pool of predictors was submitted formulti-variate model
development using the step-wise regression technique. Predictors within the individual models
were screened for co-linearity above a threshold r2 of 20%. A useful level of hindcast fit was
achieved (table 1-2). Although 'hindcast fit' is for the entire training period, the tercile hit-rate
from objective validation is consistent with it.

Hence an early success of this WRC project was to extend the research to include new
hydrological target data, formulate predictive algorithms, evaluate model performance (figs. 1-2
and 1-3) and implement the results.

Table 1-2 Models for hydrological targets
Target Algorithm r2 fit
Midmar +.44(aVang)+.37(oNiV)-.73(oAtlw) =64
Pongo -.76(aWip)+.25(aMaurV) = 61
Vaal -.71 (oSlp)-.29(aElu)+.26(aWCI-AbP) = 52
Gariep +.39(aVang)-.78(oSIp)-.45(oSocnS) = 71
Hartebees -.41(aEIv)-.43(aCIst)+.44(aWCI-AbP) =46
Zambezi -.44(aArBst)-.49(oAtlW)+.73(oATpc2) =73



IS "76 1974 1978 1982 1986 1998 1994

Figures 1-2 Illustration of 6-month-lead models fitted to hydrological observations over the
period 1971-1993.
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Figures 1-3 Illustration of 6-month-lead models fitted to hydrological observations over the
period 1971-1993.



Chapter 2 - River flows across Africa and the tropical Atlantic circulation

Introduction
Ancient civilizations in Africa were dependent on a regular flow of water in the Nile, and

in other major rivers: Niger, Congo, Senegal, Zambezi, Orange; and the rift valley lakes:
Victoria, Malawi. These water resources nurtured the evolution of man and enabled societal and
economic advances. Their statistics are impressive: the Nile extends 6650 km in length, the
Congo yields an annual runoff of 1250 km3, whilst the volume of Lake Malawi is 7200 km\
However, Africa's rivers flow irregularly and fluctuations over millennia have occurred as a
result of changes in the overlying monsoons.

Intra-decadal climate variability is typically more pronounced where tropical convection
spills north and south over more arid landscapes. Ancient civilizations engaged in agricultural
activities in these marginal lands, despite the risk of multi-year drought and flood (Nicholson
1981). Whilst the seasonal shifts of rainfall could be anticipated, runoff is such a small fraction
of rainfall that vulnerability is high in the African savanna. Farquharson and Sutcliffe (1998)
show that annual runoff is low (< 200 mm) and more variable (coefficient of variation - 0.5) for
annual rainfall totals < 1200 mm. In contemporary times, an explanation for the inter-annual
fluctuation of African river flows has remained an elusive problem (Servat et al. 1998). The flow
of the Nile and Congo Rivers is influenced by Pacific El Nino Southern Oscillation (ENSO)
phase (Amerasekera et al. 1997); so it is thought that further research on year-to-year changes in
tropical climate may lead to a better understanding of hydrological extremes in Africa.
Interaction between the regional circulation around the tropical Atlantic and convective patterns
over the adjacent continents is the subject of this paper.

The tropical Atlantic Ocean and its overlying atmosphere contain many similarities with
the equatorial Pacific in terms of air-sea coupling processes. Although warm events similar to El
Nino occur in the Atlantic, it is a narrower ocean basin and the continental influences of South
America and Africa are more apparent. The asymmetry of the African landmass with respect to
the adjacent ocean basin induces a north-south temperature gradient and a monsoon regime over
the Gulf of Guinea. To the west, deep convection is confined to a narrow strip that spans the
Atlantic Ocean with a northward tilt toward Africa (Servain et al. 1998). The inter-tropical
convergence zone (ITCZ) over the east Atlantic experiences a seasonal migration, from 14°N in
August to the equator in March. This region of moisture flux convergence and latent heating
overlies higher sea surface temperature (SST). South of the equator southeasterly trades are
strong and steady. An equatorial cold tongue coupled with coastal upwelled water induces
stratiform convection there. In the Gulf of Guinea winds are more meridional and rotate
clockwise becoming more westerly over Africa, in the process modulating inflow to continental
rainfall regimes. Most of the tropical Atlantic gains heat radiatively and evaporation losses are
found to be low (Hastenrath and Lamb 1978). Cyclonic wind stress west of Angola produces an
uplifted thermocline, which is sensitive to ocean-atmosphere coupling processes (Jury et al.
2000).



Studies of inter-annual climate variability have revealed two Atlantic modes: an
equatorial ENSO-type every 2 to 5 years; and opposing sea surface temperature (SST) anomalies
in northern and southern subtropics with a more decadal rhythm. Basin-scale winds and
associated equatorial waves play a significant role in the generation of SST anomalies and
coherent atmospheric responses and impacts (Nicholson and Entekhabi 1987; Servain 1991;
Zebiak 1993; D'Abreton and Lindesay 1993; Curtis and Hastenrath 1995; Mehta and Delworth
1995; Huang et al. 1995; Tourre et al. 1998). lnterannual variability is found to be weak and
unstable compared with the tropical Pacific. ENSO in the Atlantic signals may be identified
through shifts of the 1TCZ and associated wind shear. Tourre and White (1995) and Delecluse et
al. (1994) indicate that ENSO coupling in the tropical Atlantic is part of a global perturbation,
which can explain a significant portion of African rainfall variability (Hastenrath, 1990;
Ropelewski and Halpert, 1987). It is the intention of this paper to add to this research on linkages
between African climate and the tropical Atlantic.

In the North Atlantic, the atmospheric circulation is dominated by low frequency
adjustments of pressure known as the North Atlantic Oscillation (Lamb and Peppier 1987; Deser
and Blackmon 1993; Kushnir 1994; Hurrell 1995). Alternating bands of high and low pressure
and related wind stress anomalies extend from the mid-latitudes through the Azores High to the
tropical Atlantic; and modulate the latitudinal disposition of rainfall over Africa (Houghton and
Tourre 1992; Enfield and Mayer 1997; Servain et al. 1998; Lamb 1978; Hirst and Hastenrath
1983; Folland et al., 1986; Lough, 1986; Lamb and Peppier, 1987; Wagner and daSilva, 1994;
Janicot et al., 1996; Jury 1997, Ward, 1998). A question to be considered in this study is - How
do circulation patterns over the tropical Atlantic produce widespread convective anomalies over
Africa?

Observational studies using composites of extreme rainfall seasons in West Africa have
revealed a consistent N-S dipole structure in SST (Hastenrath and Heller, 1977; Moura and
Shukla, 1981; Wolter 1989). Servain's (1991) dipole index showed significant correlation with
regional precipitation in South America and Africa. In addition to the meridional displacement of
the ITCZ, the stability of low level air affects precipitation well north of the Guinea coast
(Fontaine et al., 1995, Eltahir and Gong 1996) where west African rivers (the Senegal and Niger)
are fed.

The Nile River flow has been extensively studied and linked with the global ENSO
(Quinn 1992, Eltahir 1996), as defined by Pacific SST and the southern oscillation index (SOI)
of zonal pressure. The correlation between the Nile flow and the Pacific Nino3 SST index in the
period 1871-1997 is -0.54 at zero lag (Eltahir and Wang, 1999). Warming in the equatorial
eastern Pacific causes an indirect circulation and sinking motion over the source of the Nile. Less
rain falls over Ethiopia in the June-October season leading into an El Nino event. This Nile -
ENSO association, first outlined by Bliss (1925) in the context of the southern oscillation, is
unstable at times yet offers predictive potential. If many of the other rivers in Africa are
correlated with the Nile and with each other, then understanding ENSO responses across the
oceans near Africa would enable the application of widespread mitigation strategies. The known



response of the tropical Atlantic to ENSO (Saravanan and Chang 2000) is likely to create
opposing climatic conditions over parts of South America, so this hypothesis is tested with the
results presented here.
Data and methods

To understand the inter-annual variability of river flows across Africa; annual streamflow
data were obtained for a number of rivers, including:
Blue Nile, tributary at Rosens, Sudan, draining the Ethiopian highlands,
White Nile, outflows at Jinja, Uganda from Lake Victoria,
Niger at Koulikoro, Mali, draining Guinea,
Senegal at Bakel, draining eastern Senegal / western Mali
Congo at Brazzaville, draining the northern and central basin,
Zambezi at Victoria Falls, draining western Zambia,
Orange above Gariep dam, draining the Lesotho highlands
Malawi lake inflows.

The data are based on quality-checked hydrographic records, naturalized for known
anthropogenic effects (eg. dams built), and published in scientific reports. The time series were
available from 1950-1995 as cumulative streamflow in cubic kilometers per year. In the case of
Lake Malawi, changes in its level from the lowest to the highest point of the rainy season were
obtained. Eltahir (1996) and Farquharson and Sutcliffe (1998) have analysed the seasonal cycle
using monthly records. Southern Africa streamflow increases from January to April. Northern
rivers exhibit highest flows from July to October. Annual streamflow data are assumed to
represent the cumulative seasonal behaviour, and generally exhibit close agreement with
catchment rainfall, with a 1-2 month lag in most cases. The hydrographic data, except for the
flows from Lakes Victoria and Malawi, contained near-linear trends averaging - 1 % per annum in
the 1950-1995 period. These could be attributed to multi-decadal oscillations in rainfall and to
agricultural use and human consumption. To investigate year-to-year variability a more
stationary record is necessary, so the average downtrend was removed. The annual records were
analysed for auto-correlation and Pearson's product cross-correlations were calculated over the
45 year period. Finally, an index of African water resource variability was constructed from the
five time series exhibiting significant cross-correlations. To support the hypothesis of opposing
hydrological behaviour in South America, streamflow data for the Amazon and Parana Rivers are
compared using similar statistical methods.

To establish climatic factors governing fluctuations in continental-averaged streamflow,
National Centre for Environmental Prediction (NCEP) reanalysis data were consulted. This data
set provides monthly averages of numerous atmospheric fields from 1958 to present. The
observations are model-reconstructed as described by Kalnay et al. (1996). Here use is made of
winds at three levels: surface, 3 km and 12 km, estimates of convective activity from outgoing
longwave radiation, and two indicators of circulation - the stream function (rotational flow) and
velocity potential (divergent flow). Observational densities vary through the record and may
influence the result. Surface data inputs increased over most of Africa after 1958, however over



West Africa data densities increased significantly after 1967. Hence some of the earlier wet years
may be less reliable. Oceanic influences are characterised by SST. Ship data densities were
highest over the tropical Atlantic in the period 1968 to 1988. Although radiosonde profile inputs
have been consistent through the period, aircraft and satellite wind data increased after 1978 and
1988 respectively.

To describe climate teleconnections affecting African river flows, a hemispheric scale
domain of analysis is utilized and gridded data are averaged over annual or half-yearly periods,
following tests to determine stability of the pattern. Environmental conditions for the five years
with highest river flows: 1961, 1962, 1968, 1977, 1978 are contrasted with five years with lowest
flows: 1971, 1972, 1982, 1983, 1991 by subtraction of the low-flow composite field from the
high-flow field. The aim is to place hydrological events over Africa into a regional context, and
to consider what climatic signals are present. The intra-composite consistency is evaluated for
key areas and biases are identified. The low flow years occur about a decade later than high flow
years, during which time the low-frequency Atlantic SST dipole inhibited West African rainfall.
Hence the interaction of mixed low frequency climate modes may be assessed in the composite.
It is pointed out that the western Pacific is omitted in the illustrations, as environmental
differences there are small and apparently inconsequential.
Results
Temporal analysis of river flows

Table 2-1 provides details of trend, persistence and association. Many rivers still have
considerable downward trends after removal of the mean. The Niger is amongst the most
desiccated since 1950, followed by the Senegal. Sahel rainfall corroborates the drying trend
across West Africa over the four decades considered here. The Zambezi exhibits a drying trend,
however catchment rainfall is quite stationary. The auto-correlation at one year lag, as a measure
of persistence, suggests that equatorial water resources are least variable. The White Nile (78%)
is followed by the Congo (61%) and experience bimodal rainy seasons. The Niger, Senegal and
Zambezi rivers are swept by unimodal rainy seasons controlled by the latitude of inter-tropical
convergence. Auto-correlation is in the range 42% to 53%, the catchments lie west of 20°E, and
rainfall is more influenced by the tropical Atlantic. Further east, the Orange and Blue Nile rivers
and Lake Malawi exhibit higher frequency variability, presumably of ENSO and biennial type
contributed from the Indian Ocean. The residual persistence (AC+1) in the hydrological time
series requires that the degrees of freedom be deflated by a factor of two.

Spectral characteristics of annual river flows over the period 1950-1995 are as follows:
Blue Nile, 2.7 year cycle dominant, secondary cycles at 6.6 and 15.3 years, Congo, 6.6 and 15.3
year cycles present, quasi-biennial cycle absent, Orange (in the south), 15.3 cycle present, quasi-
biennial cycle at 2.3 years, Zambezi, most spectral energy around 5.6 years, White Nile (Lake
Victoria outflow), 'step' increase in 1962 disturbs cyclic analysis, Niger and Senegal, multi-
decadal trends dominant; Malawi inflow, spectral energy at 7.7 and 5.6 years, quasi-biennial at
2.4 years. When all the cross-correlated rivers are combined, spectral energy is strongest at 6.6
years, whilst a secondary cycle is present at 2.4 years. Multi-decadal trends give rise to an
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artificial cycle near the record length (46 years). The 6.6 year cycle is consistent with low-
frequency ENSO variability, whilst the 2.4 year cycle may be modulated by the quasi-biennial
oscillation of stratospheric momentum.

Cross-correlations are high for a number of rivers, but lower for the Orange, Senegal and
White Nile. The first two are at the poleward edges of the Africa's rainy belt. Much of East
Africa, which experiences a dry boreal summer, is known to receive surplus rainfall during
ENSO warm phase (Ogallo et al. 1988; Kabanda 1995), hence the generally weaker relationships
for the White Nile (Lake Victoria). Cross-correlations between the Zambezi, Congo, Blue Nile,
Niger and Malawi flows are sufficient (p < .05) to justify combining their individual standardized
departures into a single African river index (fig 3-1), which is geographically balanced: with two
south, one central and two northern rivers. The highest year on record is 1961 (Lake Victoria
rose ~ 2 m, yet ENSO amplitude was minimal). Other high flow years are of comparable
magnitude. Low flow years include the 1983 El Nino event, and the years leading into the El
Ninos of 1973 and 1992. The cross-correlations listed in table 2-1 are calculated within the
calendar year, eg. southern flows from January to April are compared with northern flows from
July to October. Calculated the other way, with the northern rivers leading by 6 months, cross-
correlations are of similar magnitude. Hence the climatic forcing contains such memory that both
austral and boreal summers are similarly affected, and meridional or seasonal propagation is not
a strong concern.
Composite climatic stwcture

The NCEP reanalysis data for composite high and low flow years identify the large-scale
ocean and atmospheric conditions necessary for the development of extreme hydrological events
across Africa. As mentioned earlier, sensitivity tests with different combinations of rivers listed
in table 2-1 and years (6 month lead/lag), gave essentially similar results. SST difference fields
for the 1st and 2nd half of the composite year are shown in figure 2-2. In the January to June
period when southern rivers are flowing most strongly, SST differences (in high flow years)
indicate below normal temperatures off the coasts of Peru and Ecuador. This oceanic pattern is
consistent with La Nina conditions in the eastern equatorial Pacific. SST differences are also
negative in the sub-tropical South Atlantic and in the tropical western Indian Ocean. The sub-
tropical north Atlantic is warmer than usual and creates a dipole pattern known to anticipate good
rains across the Sahel.

In the July to December period La Nina conditions persist and strengthen in the eastern
Pacific and west Indian Ocean. At this time of the year, the northern water resources are
replenished. Although many of the oceanic features are persistent, considerable warming occurs
in the tropical South Atlantic. An equatorial plume of positive SST differences spreads west from
Gabon and Angola with respect to high flow years. Warming is also found around the perimeter
of the South Atlantic high pressure cell along 35°S. These changes in the marine environment are
coupled to an atmospheric circulation response.

Surface wind differences are illustrated in fig 2-3 for the composite calendar year. Across
most of the North Atlantic, westerly winds are evident and exhibit axes of significant differences
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near 35°N and over the equatorial Atlantic. The flow rotates cyclonically over West Africa
during high flow years, bringing Guinea monsoon air northward into the Sahelian zone. There is
a circulation response in the Indian Ocean, fueling convective activity over the southern African
catchments. Easterly wind differences from the equatorial South Indian Ocean are drawn toward
Africa along 10°S and interact with poleward flowing monsoon air across the eastern highlands
and Zambezi Valley. The Indian easterlies (Atlantic westerlies) overlie lower (higher) SST,
suggesting that evaporative fluxes and upwelling dynamics sustain the oceanic features.

Wind differences at the 700 hPa level exhibit a more coherent pattern coupled with
ENSO phase. Over the eastern Pacific, enhanced easterlies are present in the composite
circulation pattern. These provide atmospheric momentum to sustain the equatorial upwelling
found in the SST difference map. In the tropical Atlantic a singular axis of westerly wind
differences is found along the Guinea coast. The anomalous flow interacts with the African
easterly jet associated which convective wave trains across the Sahel (Thorncroft 1995),
providing additional cyclonic vorticity in rainy years. The two axes of flow differences align on
5°S in the Pacific and on 5°N in the Atlantic, as the continental asymmetry dictates. Low level
divergence is inferred across South America. Over the sub-tropical South Atlantic, cyclonic
circulations represent a weakening of the high pressure cell associated with the SST warming
trend. Descending (ascending) motions occur at the western (eastern) end of the tropical Atlantic
wind axis, in this composite scenario.

Upper level wind differences (fig 2-4) are dominated by enhanced easterly flow over the
tropical Atlantic (10°S-20°N, 0-60°W) which bifurcate over Africa into two sub-tropical axes.
The northern axis lies along 20°N and supports the tropical easterly jet emanating from India in
the boreal summer, whilst the southern axis lies along 15°S. In the mid-latitudes of the north
Atlantic and over South Africa, upper wind differences are westerly. The circulation creates a *<
'-shaped stream function (rotational circulation) pattern extending from the western tropical
Atlantic symmetrically across northern and southern Africa.

The upper level velocity potential pattern (fig 2-5) identifying the divergent circulation
illustrates two centres of action over Africa (10°N, 30°E) and South American (10°S, 60°W).
During high flow years the upper divergent cell is located over Africa, below which
corresponding ascending motion and convection occur. In contrast, upper convergence,
descending motion and drought are indicated for South America from Peru to Paraguay. The
result suggests that extreme hydrological years are characterised by opposing climate anomalies
over the two continents. This is supported by outgoing longwave radiation (OLR) differences
illustrating increased convection over much of Africa concentrated in two axes along 10°N and
30°E. A NW-SE band of reduced convection is found over southwestern Brazil. OLR differences
along the north coast of South America are of the same sign as over Africa.

Elsewhere across the globe (eg. the western Pacific warm pool), oceanic heat and
atmospheric circulation differences in extreme hydrological years are insignificant. Hence it is
suggested that an east Pacific La Nina coupled with a warm tropical Atlantic gives rise to a near-



zonal overturning circulation which alternatively benefits sub-Saharan Africa at the expense of
sub-Amazonian South America.
Intra-composite anomalies for key areas

The consistency of environmental anomalies is assessed for 10 x 10 degree key areas:
SST in the E. Pacific (equator, 95°W) and N. Atlantic (25°N,25°W), zonal wind at 700 and 250
hPa over the tropical Atlantic (2°N,20°W), and the upper velocity potential over Africa
(10°N,30°E) and S. America (10°S,60°W). It is found that east Pacific SST in the three warm
years of 1972, 1982, 1983 most influence the overall pattern, whilst the north Atlantic
differences are weak. For Atlantic winds, the first two years 1961 and 1962, and the 1983 El
Nino make a large contribution. The upper velocity potential dipole is largely contributed by
values in the 1960s when observations were sparse. Opposing anomalies for SST in the East
Pacific and North Atlantic key areas are consistent and correspond with a tilted zonal wind
pattern linking the Pacific ENSO and the Atlantic dipole. Other influential or inconsistent cases
include: upper zonal winds in 1977 and 1978, and velocity potential over South America in 1971
and 1972. Although some biases exist, the intra-composite differences are adequate to justify
interpretation of climatic structure for extreme hydrological years over continents bordering the
tropical Atlantic.
Discussion

Regional ocean-atmosphere coupling has been related to African river flows. Interannual
variability of the Nile, Congo, Niger, Zambezi, and Lake Malawi were found to be significantly
cross-correlated (p < .05) over the period 1950-1995, following removal of the mean trend for all
rivers. A combined African river flow index was formulated to analyse climatic factors
governing extreme years and composites of NCEP reanalysis fields for high (1961, 1962, 1968,
1977, 1978) and low (1971, 1972, 1982, 1983, 1991) flow years were compared. SST differences
with respect to high flow years indicated: sustained La Nina conditions in the east Pacific, an
inter-hemispheric dipole in the Atlantic (warm - north), below normal SST in the west Indian
Ocean, warming of the equatorial east Atlantic, (consistent with its opposing response to Indo-
Pacific ENSO), and an inactive west Pacific warm pool.

Regarding the atmospheric circulation, upper wind differences were easterly and
symmetrical about the equator. Such a pattern may explain why inter-annual variability of water
resources south of the equator are correlated with those of the north at leads and lags of six
months. Westerly wind differences were found over the tropical Atlantic from the surface to 600
hPa, particularly along the Guinea coast during high flow years. A zonal overturning circulation
is revealed in the NCEP reanalysis data.

Composite difference fields for OLR and upper velocity potential demonstrated two
distinct centers of action on either side of the tropical Atlantic. Convection over Africa (along
two axes: 10°N, 30°E) was found to be offset by sinking motions over South America (NW-
slanted axis: 10°S, 60°W). It is not clear how much of the signal may be attributable to
observational trends, or to a real decadal rhythm in the divergent atmospheric flow.
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To test the assumption of convective polarity between the two continents, annual river
flow data for South America were obtained (Amerasekera et al. 1997). Tropical Amazon River
flows are uncorrelated with the African river index (r = +0.01 J. The sub-tropical Parana River
exhibits a gradual rising trend and is significantly negatively correlated (r = -0.31), more so with
the Niger River (r = -0.42). It is concluded that convective polarity in this climate mode applies
to South America west and south of the Amazon catchment, in agreement with Amerasekera et
al. (1997). Further research employing longer records could evaluate ENSO influence by
stratifying cases accordingly.

In this study widespread hydrological anomalies over the adjacent continents of Africa
and South America were found to be sensitive to coupling between the zonal circulation over the
tropical Atlantic, the global ENSO phase and the Atlantic dipole. These geophysical features
interact to delay the change of ENSO phase, creating a 'two-years-at-a-time' hydrological
impact. Under these conditions the wave one pattern in the global divergent circulation shifts,
and centres of opposing action 'close up' over South America and Africa as shown schematically
in 3-6. The argument is simple: climatic anomalies over the two continents are governed by
ENSO-regulated coupling of the Pacific Ocean and the Atlantic Walker cell. This interaction
affects the sustain ability of food and water resources and the economic well-being of over one
billion people. Prediction and mitigation of these hydrological events is more likely given the
widened scope of scientific activities in the World Climate Research Program in the coming
decade.
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Table 2-1 - statisitics for annual river series 1950-1995
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Blue Nile
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Fig 2-1 - Individual time series (a) of annual flows for the five rivers included in the all-Africa
index (b). Identified years are incorporated into the high and low flow composites.
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Chapter 3 - Analysis of long-term data sets - predictability in historical context

In earlier research (Jury et al 1997) used a relatively short period of record in the
formulation of predictive models. In this chapter we consider two century-long data sets and
assess their temporal behaviour using sophisticated wavelet techniques. This extends the earlier
work by placing the local climate variability into historical context.
Introduction

Recent studies of the African climate system suggest that some of the year-to-year
variability may be widespread (Jury, 2000a). Ocean-atmosphere coupling over the tropical
Atlantic, in response to El Nino (EN) phase, was found to induce common fluctuations of
African rivers: the Nile, Congo, Niger and Zambezi. During high flow years, the upper level
circulation becomes easterly over Africa, and dry conditions arise over South America
(Amarasekara et al. 1997). Here the temporal nature of African climate variability is further
explored using long-term data sets in northern (24°N) and southern (30°S) Africa.

Africa's southeastern coast has a dense vegetation cover sustained by intermittent rains
produced when humid air is drawn upslope from the nearby warm Agulhas Current (DeJager and
Schulze 1977, Walker 1990, Jury et al 1993). Mean annual rainfall is about 1 m at Durban - a
large urban centre in South Africa requiring ~ 109 m3 pa. of water for consumption. Summer
rains are produced when anticyclones ridge eastward along the coast, bringing southerly
(onshore) winds (Diab et al 1991; Miron and Tyson 1984). Sea surface temperatures east of
Durban act as climatic determinants and exhibit quasi-biennial (QB) frequencies Walker (1990).

Some 5000 km to the north of Durban lies the Nile River, draining the Ethiopian
highlands (80%) and Sudan (20%). The Nile River flow has been extensively studied and linked
with the global El Nino phenomenon (Bliss, 1925; Quinn 1992; Eltahir 1996). The correlation
between the Nile flow and the Pacific Nino 3 sea surface temperature (SST) index in the period
1871-1997 is -0.54 at zero lag (Eltahir and Wang, 1999). Warming in the equatorial eastern
Pacific causes an indirect circulation and sinking motion over much of Africa, including the
source of the Nile, suggesting that climatic influences are widespread.

In this study, we analyse long-term climate records for: intra-seasonal to decadal
variability, extreme events and cross-spectral character, and relationships with remote climatic
indices. Our aim is to establish the historical context of climate variability in Africa, particularly
its temporal character at two select points with long-term records.
Data and Methods

Monthly rainfall data were obtained from the S A Weather Bureau for the period 1872 to
1999 - 128 years at the Durban Botanical Gardens (30°S, 31°E) located near the coast at an
elevation of 91 m. Comparisons of monthly rainfall with adjacent stations yielded good
agreement (< 10% departure each month) in periods of data overlap. Hence the long-term record
could be accepted as accurate. Many features of the Durban data are representative of a wider
region according to principal component analysis (PCA) of summer rainfall anomaly maps.
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Although much of the rainfall is convective, the Durban results may be applicable to the eastern
half of South Africa, encompassing the maize belt.

Monthly rainfall data were subjected to a contingency analysis to identify cases > 200
mm. A more detailed analysis of the temporal character of the Durban rainfall was achieved
using the wavelet transform method described below. In addition, streamflow data for the Nile
River in the period 1871-1997 was provided by Eltahir and Wang (1999). To characterise the
inter-annual variability of the Nile River, monthly streamflow data were obtained for a number
of gauges along the river, including: Roseris, Ethiopia, 1914-1989 located at 11°N,35°E;
Dongola, Sudani912-1973 located at 19°N,31°E, and Aswan, Egypt 1871-1997 (adjusted after
1964, at 24°N,33°E).

The data are based on quality-checked hydrographic records, naturalized for known
anthropogenic effects (eg. dams built) based on estimated water use, and published in scientific
reports. Following intercomparisons between gauges, peak flow values were retained and the
cumulative naturalised flow was calculated for the July to November inflow season each year, to
reconstruct the 127 year time series, following procedures adopted by Eltahir and Wang (1999).
The time-frequency character of long-term climatic data is investigated using the Continuous
Wavelet Transform (CWT) technique (Daubechies 1992, Lau and Weng 1995, Torrence and
Compo 1997, Mallat 1998). The CWT is a mathematical tool which allows the decomposition of
the signal x(t) in terms of elementary contributions called wavelets, which can be thought of as a
packet of sine waves of varying amplitude and wavelength. These wavelets are described from a
single function y/ by translations and dilatations:

where a > 0 is the dilatation (scale) parameter and b is the translation (position) parameter. As
the CWT is used to both filter and analyse the data, we have normalized by 1 / a (Delprat et al.
1992). The CWT of the signal x(t) with the analysing wavelet if/ is the convolution of x(t) with
a set of dilated and translated wavelets:

W,(b,a) = I f " x(,)v *{'-J)dt (eq.3-2)
a J -» \ a J

where *denotes the complex conjugate. The wavelet transform is continuous through variations
imposed on a and b. The CWT expands the time series x(i) into two-dimensional parameter
space (b,a) and yields a measure of the relative amplitude of local spectral activity at scale a and
time b. The choice of wavelet y/ depends on the signal to be analysed. In our case, the signal is
relatively well defined in frequency, so we select a wavelet that is localised in frequency space -
the continuous complex wavelet devised by Morlet (1983). This wavelet is defined by:

¥{t)=n-llAe-1/2e'WO1 (eq.3-3)

where / = V-l and co0= 5.4. The wavelet is expressed in terms of modulus and phase, defined
by the inverse of scale and frequency. The relation between the scale a and the frequency/is
given by (Meyers et al., 1993):
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The wavelet can be interpreted as a bandpass linear filter of weight 1 / a centered around
co = o)0/a . This filter allows extraction of various components of the signal such as its local
amplitude and phase in time-frequency space. The CWT is iterative: the original 1-D signal
being transformed into a 2-D time-frequency image. Useful information can be extracted from
the 'ridges' of the CWT. These ridges are representations of how well the dilated-translated
wavelet coincides with the local frequency of the signal. The ridges are the sets of (b,a) for which
the relation:

cfo a
is satisfied and where <j>ba is the phase of W {b,a) and co0/a is the frequency of the dilated
wavelet applied to the time series. This acts to filter out the annual cycle for monthly data
records. In the case of the Nile River flow, we make use of annual records, so this is unnecessary.

We investigate relationships between Durban rainfall and two climatic indices over recent
decades. A well-known index is the tropical Atlantic dipole (Servain, 1991). It is calculated from
the difference between the SST anomaly over the northern tropical Atlantic (5°- 28°N) and over
the southern part (5°N-20°S). The dividing latitude of 5°N can be regarded as the position of the
thermal equator and inter-tropical convergence zone (ITCZ). The tropical Atlantic SST dipole is
known to couple with the Hadley cell and N - S excursions of the ITCZ over Africa. It exhibits a
decadal rhythm. Another well-known climatic index is the Southern Oscillation (SOI, Walker
and Bliss, 1932) which is formulated by subtracting the pressure anomaly of Darwin, Australia
from that of Tahiti in the eastern Pacific Ocean. We compare a filtered version of the SOI with
the Durban rainfall data.

The relationship between two series is investigated in time-frequency domain by
computing their cross-wavelet spectrum. x(t) is the low-frequency component of the rainfall
series and y(t) the low-frequency SOI. The cross-wavelet spectrum of the two series is then
expressed as:

Wjb,a) =W x(b,a)w;\b,a) (eq.3-6)

where W (6,a)and W _(b,a) are the CWT ofx(t) andy(t) respectively and where * denotes the

complex conjugate. The complex cross-wavelet coefficient Wx(b,a) may be expressed in terms

of modulus and phase difference, according to: xxx\ = ala2e
J r°2 , where phase is independent

of amplitude.
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Results
Temporal Variability

The raw time series x(t) of the rainfall data at Durban is displayed in fig 3-1 and 3-2.
The series is standardized and its CWT is computed from equation (2). Upward spikes refer to
flood events, which are analysed independently. The modulus of the wavelet transform
coefficient Wx(a,b) is included for intra-seasonal and inter-annual periods. Largest amplitudes
are found from 2 to 5 months - the typical length of rainy spells, around 12 months (the annual
cycle) and between 2 to 4 years. Inter-annual amplitudes in the 2.3 - 4 year band are greatest
around 1917, 1972, 1983 and 1998 appear to be related to El Nino (EN) events. There are times
when a 4 - 5 year cycle is sustained (1930 - 1960), but for most of the historical record cyclical
rhythms are short-lived. Decadal amplitudes with periods from 6 to 16 years are stronger from
1880 to 1900 and 1970 to 1995.

The variation of the modulus around 12 months corresponds to the amplitude modulation
of the annual cycle. This 'ridge' exhibits some decadal variability (not shown). The correlation
coefficient between the annual cycle and the series x(t) is r = 0.57. So, the annual cycle extracted
by the CWT explains 33 % of the rainfall variability. The low-frequency component is obtained
by filtering the data in wavelet space. Inter-annual fluctuations account for 10 % of the rainfall
variability.

A contingency analysis of flood events, defined as months with rainfall > 200 mm, was
made. A bimodal distribution is evident with increased cases in November and March. These are
known to be months when * cut-off lows' disturb the stability of the sub-tropical jet stream,
causing looping and diffluent patterns, and the undercutting of a continental low by an
anticyclone in higher latitudes. The cut-off low is less likely to develop during mid-summer
(January) when continental heating diverts the upper westerly flow. Cut-off lows can produce
upslope rains near Durban, but the potential for floods depends on an adequate inflow of
moisture from the SW Indian Ocean. The moist inflow is supported by the NE monsoon of the
tropical west Indian Ocean from November to March. The combination of these two factors leads
to the bimodal nature of flood events.
Relations with climatic indices

It is thought that part of the temporal variability in the Durban rainfall may be explained
by large-scale climatic patterns governed by slowly varying SST conditions. Comparisons were
made between the Atlantic SST dipole index in the period 1964 to 1998 to the amplitude of the
annual cycle of the Durban rainfall. Good agreement is found between these two series, with the
dipole index leading the rainfall. It can be deduced that the annual cycle is modulated by the
meridional gradient of SST over the tropical Atlantic. A proposed mechanism is a more southerly
excursion of the ITCZ over southern Africa during years when SSTa in the south Atlantic are
positive (north Atlantic is negative).

Filtered values of the SOI index and Durban rainfall for the same period are illustrated in
fig 3-3. Close agreement is observed between the two series. The SOl-rainfall relation in the
inter-annual (1.5 - 16 yr.) frequency band over the 1935-1999 period is evaluated by cross-
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wavelet analysis. Large modulus values are observed around 1972, 1983 and 1998 mainly in the
2.3 and 4 year band. This may reflect a harmonic association between QB and EN
teleconnections. From the cross-wavelet spectrum, we estimate the instantaneous phase
difference and time delay between the two series. It is observed that when the cross-wavelet
spectrum power (modulus) is high, the SOI leads rainfall by a few months. The time delay is
quite unstable though. SOI leads rainfall in the 1970s, but 'follows' in the 1950s.

The temporal character of the naturalised Nile River flow is illustrated in the upper panel
of fig 3-4. Higher flows and larger fluctuations are found in the period up to 1920. Thereafter the
amplitude of inter-annual variability is more confined, with a down-trend apparent in the period
1960-1980. Year-to-year changes in flow increase again in recent years. A cross-wavelet spectral
analysis is performed with the Durban summer rainfall data to investigate common temporal
fluctuations. The association is similar to that with the SOI. Large modulus values are found in
the frequency bands around 2.3 and 4 years from 1890 to 1920, and 1960 to 1990. In recent
decades both QB and EN cycles are present, however throughout most of the record, either one
or the other is more dominant.
Discussion

Africa's water supplies are reaching sustainable limits. Uncovering scale-interactions in
intra-seasonal to decadal climate variability is of value in the management of resource
availability. In comparison with Jury (1998), seasonal ( 2 - 5 month) persistence in Durban
rainfall was confirmed by more rigorous CWT analysis over a 128-year record. The annual cycle
accounts for 33% of rainfall variance, whilst inter-annual fluctuations explain 10%. The CWT
analysis indicates a relatively chaotic temporal character, with cross-spectral energy concentrated
in the 2.3 (QB) to 4 year (EN) bands. There is little evidence for long-term trends in the Durban
rainfall record, however the naturalised Nile River flow exhibits a downtrend, likely related to
land use and a consequent reduction of run-off.

Jury (1998) demonstrated associations between Durban rainfall and meridional winds in
the north Indian Ocean and the Southern Oscillation Index. In the longer analysis here, both the
SOI and the Atlantic dipole lead Durban rainfall. A mechanism for EN influence is proposed
(Jury 2000), whereby warm tropical seas (El Nino) reduce 'waviness' of the subtropical jet
stream south of Africa, thereby producing fewer extreme weather events. These circulation
anomalies operate near-simultaneously on either side of the equator, as illustrated by the shared
spectral energy. Given the widespread nature of inter-annual forcing, our results take on added
meaning in efforts to describe, understand and predict climate variations and resource availability
over Africa. In the context of this report, knowledge is contributed on the widespread nature of
climatic anomalies and techniques to reveal them. Some ambiguities remain as regards the
interaction of regional (Indian / Atlantic) and global (ENSO) signals that influence African water
resources, and further work is needed to identify leading indicators of this interaction.
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Fig 3-1 - Raw rainfall time series (top), modulus of the wavelet transform coefficient for intra-
seasonal (middle) and inter-annual time scales (lower) for the first half of the period 1872-1935.
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Fig 3-2 - Rainfall time series and modulus of the wavelet transform coefficient for the period
1935-1999.
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Fig 3-3 - Standardized low-frequency components for rainfall (bold) and SOI (thin) for the
second half of the period 1935-1999. Cross-wavelet spectrum, comparing cycles in SOI and
rainfall. Time delay between SOI and rainfall (lower), where SOI leading is +.
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Fig 3-4 - Standardized Nile River flow record for the period 1871-1997 (upper) and cross-
wavelet spectrum (lower) comparing Nile flows and Durban rainfall.
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Chapter 4 - Indian Ocean circulation and rainfall over southeast Africa

It has been noted in many studies that rainfall over the tropical west Indian Ocean
'competes' with rainfall over southern Africa. In this chapter we analyse a composite situation of
increased rainfall over southeast Africa coincident with dry conditions over the ocean east of
Madagascar.
Introduction

Much of the summer rainfall over Africa south of the Zambezi River (~ 15°S) is
produced by quasi-stationary troughs (Harrison, 1986; Levey and Jury, 1996). The convection is
often focused along a NW-SE oriented band by a Rossby wave in the subtropical upper westerly
flow. Prior to the convective event, a period of low-level easterly flow from the tropical Indian
Ocean is necessary to build up moisture (D'Abreton and Lindesay, 1993; D'Abreton and Tyson,
1995). Widespread rainfall occurs over many days at near-monthly intervals during the
November to March season (Makarau, 1995; Levey and Jury, 1996). Each convective spell
brings - 100 mm of rainfall and contributes about 20% of the seasonal total, so an understanding
of their coupling to the surrounding monsoon circulations would be useful.

A number of studies have described the meteorological structure of multi-day rainfall
events (Taljaard, 1987; Matarira and Jury, 1990; Lindesay and Jury, 1991; Lyons, 1991;
D'Abreton and Lindesay, 1993; Jury et al., 1993) based on statistical inferences from model-
interpolated weather data. Across southeastern (SE) Africa and the southwestern (SW) Indian
Ocean the wet spells appear to be pulsed at frequencies which are consistent with the passage of
tropical waves during austral summer (Hayashi and Golder, 1992). Transient waves of the
tropical Indian Ocean were studied by Jury et al., (1991) through hovmoller analysis of satellite
imagery in the 10° to 20°S band over the period 1970-1984. 50% of years between 1971 and
1984 exhibited westward moving convective disturbances with a mean speed of 2 m s"1 and
wavelength of 3 500 km giving an average period of 20 days. Other years had quasi-stationary or
eastward-moving disturbances. Characteristics of the background circulation with respect to the
potential for easterly waves have not been investigated. Here we look specifically at this issue.
We investigate whether tropical easterly inflows are sourced from a divergent centre in the
Indian Ocean and analyse the regional structure and ocean-atmosphere environment.
Data and methods

Our study considers the principal components analysis of Mulenga (1998) on gridded
summer rainfall departures (Hulme and Jones, 1993). In that work, areas with common
fluctuations were identified over the period 1950-1992. A significant mode (PC4) occurs over
Africa south of 20°S and east of 25°E. This area is agriculturally productive and yields a
substantial food grain reserve following wet seasons (Lindesay, 1990). Seasonal rainfall
extremes were noted and related to differences in the atmospheric circulation over the west
Indian Ocean. Two common circulation patterns were identified based on the NCEP reanalysis
zonal 850 hPa wind anomaly in the area 5° to 20°S, 45° to 85°E northeast of Madagascar
exceeding ± one standard deviation. East flow years include; 1961, 66, 69, 76, 77, 79, 81; west
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flows are: 1968, 71, 80, 83. 90, 92, and 95; seven of each type. The season considered is
December to March and coincides with the NE monsoon season, when the inter-tropical
convergence zone (ITCZ) lies south of the equator near 15°S from 25° to 50°E (Ho and Wang
2000). The easterly regime occurred more frequently in the 1960s and 1970s with a cooler
tropical Indian Ocean, whilst the westerly regime has been more prominent in the 1980s and
early 1990s during repeated El Nino warming events. The easterly regime appears to have
become re-established since 1996. Table 4-1 lists the 850 hPa zonal wind anomaly in the area 10
- 15°S, 60 - 70°E. The intra-composite bias is limited according to grid point and field
significance tests. Individual years do not significantly affect the composite patterns, according
to sensitivity tests conducted by withdrawing more extreme years.

Meteorological differences between easterly and westerly composites are analysed for
winds at 850 hPa and at upper levels, geopotential height at 700 hPa, OLR, SST. and velocity
potential at lower and upper tropospheric levels. The dry-westerly fields are subtracted from the
wet-easterly fields to infer differences between seasons when the tropical inflow is enhanced or
suppressed. Zonally propagating circulation systems are analysed using climatological mean
low-level meridional winds plotted in Hovmoller fashion in the latitude band 7° - 17°S across the
Indian Ocean. Hovmoller plots of zonally propagating convective anomalies based on pentad
OLR data for individual years are also considered.

Our analysis makes use of the NCEP reanalysis products available from the NOAA/
CIRES/ CDC website on the Internet. The data are at a resolution of 2°, four times a day
averaged into monthly means. Kalnay et al.. (1996) describe the reanalysis system in detail.
Suffice to say that composite differences, consisting of 28 months for each flow regime, should
be realistic, despite the known observational discrepancies around tropical Africa.
It is useful to consider the seasonal monsoon circulations of the SW Indian Ocean. Easterly near-
surface winds prevail in the austral winter from April to November, according to historical
averages. During austral summer, cross-equatorial flow recurves to create westerly winds from
5° to 10°S between December and March. The monsoon flow in this area north of Madagascar
extends to a depth of 4 km or 600 hPa and is overlain by easterly winds aloft. This westerly flow,
if persistent, can oppose the influx of Indian Ocean moisture to the continent. However, when the
monsoon weakens or reverses, tropical moisture can extend across Madagascar and penetrate into
SE Africa.
Results

A comparison of area-averaged rainfall for the composite years is given in Table 4-1
together with austral summer values for the southern oscillation index and the quasi-biennial
oscillation index (equatorial zonal wind at 30 hPa, U30). There is a distinct and symmetrical
difference in rainfall over SE Africa for the easterly and westerly cases. Rainfall in the easterly
regime averages about 1 standard deviation above normal, in the westerly regime it is as much
below normal. D'Abreton and Tyson (1996) have shown that the area north of Madagascar is a
source region for moist inflows to subtropical troughs over southern Africa, so this result is
expected. Their results suggest that the inflow maintains a constant elevation, but undergoes an
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increase in the moisture content after crossing the east coast of Africa around 15°S. The increase
is attributed to evapotranspiration and eddy heat fluxes along the densely forested eastern
escarpment. The moist inflow is pulsed at intra-seasonal scales via easterly waves embedded
within the mean flow as described in the composites below. Table 4-1 suggests that the
relationship with ENSO phase is not well defined. The easterly inflow regime is favoured when
equatorial stratospheric (30 hPa) winds are from the west.
Composite patterns

In fig 4-1 the east minus west differences are analysed for 850 hPa winds. The lower level
pattern is used to select composite years for inclusion and illustrates a broad band of easterly
flow in the area 5° - 20°S, 40° - 90°E to the northeast of Madagascar in the Indian Ocean. An
anticyclonic circulation near 25°S, 60°E separates easterly flows in the tropics from westerlies to
the south. Analysing the composite differences at higher levels one finds a deep easterly
circulation over Madagascar. The lack of an opposing return flow at the upper levels means that
the westward flux of mass from the Indian Ocean cannot be conceptualised as a zonal over-
turning (Walker) circulation. Geopotential differences are positive (anticyclonic) to the east of
Madagascar and negative in the equatorial and mid-latitude bands. The anticyclone guides
easterly waves westward to Africa, drawing tropical air polewards across SE Africa and cool dry
air equatorward over the South Indian Ocean, thereby suppressing tropical cyclone formation
there (Jury, 1993).

In fig 4-2 the SST pattern is analysed. Sea surface temperatures play a role in shifting
convection toward the continent. Poleward of the easterly wind regime and supporting the
anticyclonic gyre, a warm anomaly of magnitude +1.0°C extends from 50 - 80°E along 30°S.
Throughout the entire tropics, covering an area 2 1013 m2, SST differences are of order-0.4°C, in
agreement with the earlier results of Jury (1996). The meridional gradient of SST is more than
1°C weaker to the east of Madagascar resulting in a reduced thermal wind: (cTT/dy - dU/dz)
where T and U are layer-averaged temperature and zonal wind, respectively. The subtropical jet
stream is displaced poleward, hence limiting the penetration of westerly shear in the tropics. This
mechanism is represented in the GCM study of Reason and Mulenga (1999) wherein a +1°C SST
anomaly south of Madagascar induces a 2 - 5 m s"1 easterly wind anomaly at the 200 hPa level in
the 5°-25°S latitude band across southeast Africa.

The vertical extent of the anomalous wind response to cooling (warming) of the central
(southern) Indian Ocean is significant. Easterly anomalies extend through the troposphere from
the surface to 100 hPa (15 km) in the 5°-25°S latitude band over the longitudes east of
Madagascar. The zonal wind differences are 2 to 5 m s"1 between east and west years. In the
higher latitudes upper westerlies are more intense. The deep layer of easterly wind anomalies
over the western tropical Indian Ocean creates a suitable barotropic environment for the
westward propagation of convective waves. Fig. 4-3 illustrates the velocity potential (divergent
component of the circulation), and reveals an intense centre of low-level inflow / upper level
outflow over the south Indian Ocean. Lower at 15°S, 70°E with a radius of 3 106 m. This cell
dominates the entire Indian hemisphere in this set of composites and can be described as a source
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region from which easterly waves advect. Its causes have been discussed by Behera and
Yamagata(2001)

SST and circulation patterns for the period August to November (not shown) provide an
indication of antecedent conditions. Tropical Indian SSTs are < -0.3°C below normal leading into
the easterly flow regime. This is the case everywhere except west of Malaysia (5°S, 100°E)
where low-level westerly wind anomalies of +2 m s"1 and associated equatorial downwelling
occur - SST differences there are +0.4C. A deep anticyclonic circulation is located east of
Madagascar in the precursor season.

Many of the composite differences in the precursor season exceed the historical inter-
annual standard deviation, hence prediction of the easterly wave regime may be possible.
Consideration of years listed in Table 4-1 suggests a decadal rhythm, with the 1960s and 70s
experiencing an upsurge in easterly anomalies, and the 80s and early 90s dominated by the
westerly regime. As the ENSO influence is obscure in these analyses, it is not clear what
mechanism underlies this low-frequency modulation, also found in the 18 year rainfall cycle over
southern Africa (Tyson 1986).
Discussion

A comparison of pentad OLR anomalies for easterly and westerly regimes was made in
Jury et al., (1991). In the easterly case, the convective troughs and their attendant ridges
propagate westward into SE Africa along 10°-15°S. The propagation speed across the Indian
Ocean from 80° to 20°E is 3.3 to 4.1 m s"1, consistent with the background flow. In the easterly
case, the convective anomalies develop further west than usual, and travel along a path that is
further equatorward, so sliding past northern Madagascar and into SE Africa along the Zambezi
River valley. The intra-seasonal surges enhance the moisture supply over southern Africa and
contribute to latent heat release in quasi-stationary troughs over the continent - the main source
of rainfall. In the westerly regime, continental moisture is depleted and an eastward propagation
of convective weather systems may occur, often coupled to equatorial Kelvin waves as outlined
by Vincent et al.. (1998).

In this study it is demonstrated that summer rainfall over SE Africa increases when
easterly flow is present off northern Madagascar in the tropical Indian Ocean. Our composite
reveals deep easterly flow differences in the band 5° - 20°S. Convection is reduced over the
South Indian Ocean (0 - 30°S, 60° - 110°E) whilst increased over SE Africa. Differences
between wet and dry years are evident in the velocity potential and indicate a centre of subsident
outflow at I5°S, 75°E. SST in the latitude band 25° - 35°S. This couples with a deep
anticyclonic anomaly in the wind field which transfers moist convection westward to SE Africa.
SST in the tropics are below normal, hence the poleward thermal gradient is reduced and the
associated subtropical jet stream shifts polewards to 40°S. In the tropics around the latitudes of
Madagascar, deep easterly flow anomalies of 2 to 5 m s"1 develop when SST increases (decreases)
to the south (north). The observational results here correspond well with the numerical modelling
study of Reason and Mulenga (1999).
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In the precursor season (August - November) SST fields indicate that warming in the sub-
tropics is weak and may lag the atmosphere through air-sea interaction processes as described in
Reason (1999). Over the central basin, below normal sea temperatures are found in contrast to
warmer conditions off the coast of Malaysia. Westerly 850 hPa wind differences are found over
the equatorial band particularly near 90°E. In the upper levels the tropical flow is easterly and at
higher latitudes the flow differences are westerly. The easterly anomalies are related to the
anticyclone and wanner SST in the south. In this scenario convective surges from the Indian
Ocean remain in the 7° - 15°S latitude band and are drawn into the convective bands over SE
Africa at ± 20 day intervals. It was the recognition of these patterns during the spring of 1999
that contributed to a correct forecast of the February 2000 flood over northeastern South Africa
and southern Mozambique.
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Table 4-1: Years selected for inclusion in the composite.
year Rain SOI U30 Type U850 grid pt.
1961
66
68
69
71
76
77
79
80
81
83
90
92
95

+1.0
+ 1.4

-.8
+1.2

-.5
+ 1.6
+1.1
+.9
-.9

+.7
-1.2

-.9
-1.2
-1.0

+.4
-1.5
+.3
-.4

+1.3
+1.8

-.2
-.3
-.3
-.5

-2.5
+.3
-1.4

-.4

-1.0
+.7
-1.5
+1.1

-.7
+.5
-.7

+.3
-.5

+.8
+1.0

-.5
-1.4
+.8

East
East
West
East
West
East
East
East
West
East
West
West
West
West

-3.6 m/s
-2.4
+2.2
-2.9
+1.1
-2.5
-1.8
-0.9
+1.7
-1.9
+2.1
+2.3
+3.7
+1.6

East - West +2.0 +.3 +.7 std dep.

Year refers to December to March season labelled according to the January month, Rain =
standardised departure over Africa south of 20°S and east of 25°E, SOI - southern oscillation
index, U30 = equatorial zonal wind anomaly at 30 hPa, Type is defined by U 850 hPa zonal wind
averaged over the grid box 5 - 15°S> 50 - 75°E.
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Fig. 4-1 - Composite wet/easterly minus dry/westerly differences over SE Africa and the Indian
Ocean for December to March period for winds (m s"1) at 850 hPa
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Fig. 4-2 - Composite wet/easterly minus dry/westerly differences as in Fig. 4-1 but for SST°C.
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Fig. 4-3 - Composite wet/easterly minus dry/westerly differences as in Fig. 4-1 but for lower and
upper velocity potential l06m2 s'\ Such a pattern is consistent with the Indian Ocean 'dipole'
uncovered by Behera and Yamagata (2001).
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Chapter 5 - Composite wet and dry spells and implications for predictability

In this chapter we apply simple composite techniques to study climate variability over
southern Africa. A mathematical framework is established which helps explain the causes of
large-scale drought over southeast Africa in the context of wanning of the west Indian Ocean.
Statistical forecast models are developed. Although much of the work focuses on Malawi due to
the origin of the contributing graduate students, its mean rainfall correlates with South African
rainfall at 0.52 (p<l%) during the period 1949-1998, suggesting that results may be generalised
for southern Africa.

Introduction to drought analysis
Water is scarce in most of Africa, and economic prosperity depends on rain-fed crops

(Jury, 2001). The water supply is highly variable: dry or wet spells can range from months to
decades. Therefore understanding the nature and causes of climate variability and exploring its
predictability can provide useful guidance to farmers, hydrologists and strategic planers for the
sustainable management of resources.

Africa is plagued by recurrent drought, for example from 1982 to 1984 maize yields
south of the Zambezi Valley declined to 10% of historical values and about 80% of livestock
perished (Makarau, 1995). In thel992 summer, rainfall was 50% of normal over southeastern
Africa and 90% of small inland dams dried up in Botswana, South Africa, Zimbabwe and
Namibia. Other spheres of human activity are disrupted by drought: social problems increase
with higher unemployment, political instability arises from the economic impacts of high
inflation and currency devaluation, and the environment is degraded through overgrazing and
widespread fires (Dilley, 1996; Zhakata, 1996).

The variable climate along the margins of the tropics is receiving increased interest from
research scientists. International studies are in place to focus attention on climate variability and
prediction (CLIVAR). Locally several studies on rainfall variations over southern Africa have
looked at spatial and temporal aspects of climatic variations in the rainy summer months -
November to March (Mulenga, 1998). Relationships between rainfall and the regional circulation
have been uncovered (Harangozo and Harrison, 1983; Harrison, 1986; Lindesay and Jury, 1991)
and related to global ENSO phase. Whilst many of these studies have focused on South Africa
and its neighbouring countries, very little work has been done on Malawi's climate.

Malawi shares many of the same climatic aberrations as southern Africa. During the
drought of 1992 maize production decreased by 50 % (Malawi Ministry of Agriculture, 1993)
and food had to be imported. The failure of rains for more than one month in the rainy season
adversely affects agriculture and the economy of Malawi. The farming community requires an
advance warning of drought, however the oceanic thermodynamic patterns and corresponding
atmospheric circulation associated with extreme weather conditions are not well known.
Statistical models for the prediction of seasonal rains are unverified. This paper addresses these
issues so that the adverse effects of climate fluctuations could be mitigated.
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Background
The domain of study is from 20°N to 40°S and 30°W to 90°E but with a focus on

Malawi. Located within tropical southern Africa: Malawi covers an area of 118 10? km7 between
the latitudes 9-17°S and longitudes 32-36E. Lake Malawi, part of the Great African Rift valley,
is a major source of water and its shores draw considerable tourism income. The lake is 571 km
long, 470 m above sea level and covers two thirds the length of the country in the east. To the
west, Malawi rises to a plateau of 1 500 m with N-S oriented mountains to 2 500 m.

Malawi experiences a mild tropical climate with an austral summer rainy season. The
winter is very dry and nocturnal temperatures decline to near 5°C from May to September. The
climate of Malawi depends on the inter-tropical convergence zone (ITCZ), the subtropical high
pressure belt in the south, and the topography (Torrance 1972). The ITCZ marks the convergence
of the northeasterly monsoon and southeasterly trade winds, and during the rainy season it
oscillates over the country, often connecting with troughs in the Mozambique Channel. The other
main rain bearing system for Malawi is the northwest monsoon, comprised of recurved tropical
Atlantic air that reaches Malawi through the Congo basin. This system brings well-distributed
rainfall over the country and floods may be experienced in conjunction with the ITCZ. There are
times when the country is affected by tropical cyclones from the west Indian Ocean. Depending
on their position, cyclones may result in either dry or wet spells over Malawi. Easterly waves
originating near Madagascar often penetrate up the Zambezi Valley during summer. Extra
tropical westerly waves are thought to be most active at the beginning and end of the rainy
season.

Literature on climate variability specifically for Malawi is scarce. Nkhokwe (1996)
reported a positive correlation between Malawi and Ethiopian rainfall. Localised associations
were found between summer rainfall and the stratospheric quasi-biennial oscillation (QBO) and
the Southern Oscillation Index. A multivariate correlation technique was applied to develop
statistical models, one for each station. Kamdonyo (1993) studied the cyclical component of
rainfall variance and found significant spectral energy in the biennial band.

The ITCZ lies in the 0-10°S band where low frequency ocean-atmosphere coupling is
likely. In the sub-tropical band from 10-20°S, convective waves are embedded within an easterly
flow from the Indian Ocean, producing wet spells at near-monthly intervals (Jury and Nkosi,
2000). At higher latitudes internal atmospheric variability is high owing to the passage of
westerly troughs, and responses to tropical ocean conditions are less easily identified (Mason
1997). At times tropical outflows occur along NW-SE axes (Preston-Whyte and Tyson 1988),
producing cloud bands along preferred paths that vary from year-to-year (Harrison, 1986; Jury
and Levey, 1997), according to El Nino-Southern Oscillation (ENSO) phase and associated zonal
circulations (Lindesay et al, 1986). Typically below normal rainfall is experienced over southern
Africa during an El Nino year (Nicholson and Entekhabi, 1986) as upper westerly winds
strengthen and the ascending branch of the Walker Cell shifts to the west Indian Ocean.

Some studies have related stratospheric QBO phase to African rainfall variability. The
QBO refers to a zonal wind in the equatorial stratosphere which changes direction from easterly
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to westerly with a period of ± 28 months (Naujokat, 1986). The QBO enhances the likelihood of
drought when it is in easterly phase (Mason and Tyson, 1992). Ogallo et al (1994) and Jury et al
(1994) have reported a significant correlation between African rainfall and the QBO. Mukherjee,
et a!. (1985) indicate that easterly phase QBO is associated with a weak monsoon over India.
However no clear mechanism has been found to explain the interaction of the QBO, the
tropospheric circulation and convection over Africa.

Many studies have related African rainfall variability to sea surface temperature (SST)
over the Atlantic, Indian and Pacific Oceans. Nyenzi (1988) looked into the relationship between
east Africa rainfall variability and SST over the Atlantic and Indian Oceans. It was observed that
fluctuations of SST off Angola were often out of phase with the west Indian Ocean, and together
corresponded with ENSO phase and rainfall. Walker (1989) found that South African rainfall is
suppressed when SST in the Agulhas Current to the southeast of Africa is below normal. Mason
(1992) identified links between warmer SST across the west Indian Ocean and rainfall deficits
over southern Africa. In further studies, SST over the west Indian Ocean (5°N -10°S, 55 - 80°E)
was found to be correlated at -0.6 with southern African summer rainfall three months in
advance (Rocha, 1992; Pathack, 1993; Jury, 1996). The statistical associations suggest that
warmer SSTs and strengthened convection over the west Indian Ocean precede drought over
southern Africa. However, recent results indicate that the relationship changes phase over time
(Jury etal 2001).

In our study of climate variability a number of hypotheses are addressed:
(i) Thermodynamic and circulation patterns around southern Africa are significantly different
before a dry (or wet) season
(ii) Climate variations over Malawi are similar to those of the south.
(iii) Predictability of summer rainfall hinges on the regional expression of global ENSO phase.
Data and methods

The analysis is underpinned by conventional surface data obtained from the Malawi
Meteorological Services over the period 1962 -1995. Monthly rainfall data are quality checked to
WMO standards and 21 stations spread over the country are utilised. After inspection of the
annual cycle, totals are averaged into a November to April mean value each year. Cross-
correlations between station data are significant, so a single index is composed from the average
of all 21 stations. A two-tier approach is used to identify 'dry' seasons. First, an objective
threshold of-0.5 standardised departure is applied to the rainfall series. Secondly, the regional
environmental anomalies are plotted and years with 'outlier' patterns are subjectively eliminated
(Mwafulirwa, 1999). The dry summers that are retained include: 1968, 1970, 1983, 1992, and
1995. NCEP reanalysis data are analysed via the Climate Diagnostic Centre website as
composites for dry years for 500 hPa vector winds, SST and precipitable water fields. The
historical 40-year mean is subtracted to produce anomalies.

SST, sea level pressure (SLP), zonal (U) and meridional (V) winds are extracted from the
COADS marine data set in 10° x 10° grid cells in the area 20°N - 40°S, 20°W - 90°E. Although
the observational inputs are confined to ship tracks, there is a relatively consistent density of
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observations around Africa in the period 1962 -1995. The field data are grouped into three-month
seasons for analysis with respect to seasonal rainfall. Each of the time series are reduced to a
standardised departure, subtracting the mean and dividing by the standard deviation. NOAA
satellite outgoing longwave radiation (OLR) data are similarly analysed over the shorter period
1975-1995. Although the degrees of freedom for most environmental variables is 32, for
satellite-based OLR it is only 20, and 95 % significance is achieved at a correlation of 42 %.

To guide the choice of climate 'predictors', cross-correlations are mapped with respect to
the Malawi summer rainfall index for the environmental fields of: SST, OLR, SLP and surface
winds at lags -6 and -3 months (JAS,SON). Wind correlations are represented as vectors after
re-constituting the U and V values. Statistically significant 'key areas' are isolated and extracted
for further analysis, together with global indices such as the SOI, Nino3 SST and the QBO. Pair-
wise correlations are performed with a view to obtaining a limited set (12) of candidate
predictors.

Predictive models are developed using the step-wise, multivariate regression technique.
Variables for the JAS period are entered with the aim of obtaining a model with a high degree of
fit to the rainfall series. A maximum of three predictors are allowed in the model, providing they
are correlated with adjacent predictors at a value < I 0.2 . The predictive models are then tested
for reliability by excluding the first or last eight years and predicting the outcome based on a
model for the remaining years, as suggested by Mason (1998). Further tests are performed on
residual errors using the Durbin-Watson statistic. Similar methods for statistical model
development have been employed for South African rainfall (Hastenrath et al, 1995; Jury et al,
1999).
Results
Temporal analysis

Fluctuations of the Malawi summer rainfall index at inter-annual scale are investigated to
establish historical relationships, from which predictability can be investigated. The seasonal
cycle and anomaly series is illustrated in figure 5-1. Rainfall increases rapidly to a plateau of 200
mm/month between December and March. November and April are drier transition months. The
high summer rainfall indicates the presence of deep convection contributed by the ITCZ. Even in
'dry' years, the area-averaged rainfall is 700 mm. The anomaly series exhibits low values in the
late 1960s and early 1970s, from 1979 to 1984, and after 1989. A notable biennial fluctuation is
apparent. This anomaly series is employed in all subsequent analyses.

Spectra] analysis of the rainfall index gives evidence of cycles at 3.8, 2.4 and 11.1 years,
suggesting links with the ENSO, QBO and solar cycle, respectively. These cycles are inherent in
rainfall records over Zimbabwe and South Africa (Makarau and Jury (1997). Given the
significant ENSO influence, correlations for individual stations were computed. Values are
stronger in the south and become weaker near the northern border with Tanzania. It is suggested
that northern Malawi lies in the transition zone between a dipole of ENSO influence, with
opposing centres of action in southern and east Africa (Goddard and Graham 1999).
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Coirelation mapping
The field correlation analyses at -6 and -3 month lags (JAS, SON) are illustrated in

figures 5-2 for SST, OLR, SLP, and surface winds, respectively. For SST, positive values are
found southeast of Madagascar and in the tropical Atlantic. Negative correlations are observed
over the west Indian Ocean, particularly in the region 0 - I0°S, 60 - 70°E. The southwest
monsoon usually curves around this area, thereby creating wind stress curl and vertical motions
in the ocean interior (Gill 1982). A N-S gradient is apparent in the sub-tropical west Indian
Ocean. The contrast generates enhanced thermal winds in the upper troposphere, as will be
shown later.

The OLR correlation pattern is dominated by positive values over the tropical west Indian
Ocean (fig 5-3) and weaker values over the tropical east Atlantic. A significant negative
correlated area extends NW-SE across the Mozambique Channel during SON season, a precursor
to meridional cloud bands, which link sub-tropical standing Rossby waves with the ITCZ over
Malawi. The correlation maps indicate that decreased convection (+OLR) northeast of
Madagascar is associated with wet summers over Malawi.

SLP field correlations with respect to the rainfall index at -6 and -3 month lags are
illustrated in fig 5-4. Values are generally negative over the tropical oceans around Africa during
JAS, but become positive over the west Indian Ocean by SON season. A strong E-W gradient is
noted with significant negative values in the east Indian Ocean. The wind vector correlation map
(fig 5-5) illustrates the pattern of circulation w.r.t. the rainfall index. Larger (significant) vectors
are found in the southeast Atlantic and exhibit a southwesterly anticyclonic flow. The Indian
Ocean circulation during the JAS season is somewhat vague. However by SON a pronounced
cyclonic circulation is found, comprised of southerly flow near Mauritius curving to westerly
flow in the eastern tropics. This pattern is related to global ENSO conditions (Mason and Jury
2001). From a perspective of rainfall prediction, the delayed onset of this circulation pattern is
problematical.

Given the correlation maps for SST, OLR, SLP, and wind it appears that a number of
useful candidate predictors could be extracted for further consideration. From the SST pattern it
is noted that two key areas (east Atlantic and Agulhas) are sympathetic and another is inverse
(west Indian). The SST exhibits a NW-SE orientation consistent with the area of -OLR
correlation in SON. When the Atlantic-Agulhas region is cool, and the west Indian is warm, we
suggest that meridional cloud bands tend to link with the ITCZ in the Madagascar-Mauritius
sector, leaving southern Africa dry. We represent the strength of this feature through a three-area
SST index (3 AI). Similarly, other key area indices, such as the east Indian Ocean pressure, are
isolated for further consideration.
Key area associations

The pair-wise cross-correlation of the summer rainfall index with key environmental
variables for JAS season in the period 1962 -1995 is listed below in descending order:
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Predictor
3 AI (SST)
SOI
Nino3
Atl SST

E I P
QBO_,
Atlw2(M)

W I U
W I V
MaurP
N I U
CISST

Key area
SST 5°S,5°E + SST 25°S,45°E - SST 5°S,65°E
Tahiti - Darwin pressure anomaly
SST5oN-5°S,150o-90°W

SSTO°-10°S, I0°W-10°E
SLP 10°N-10°S, 70°-90°E
Zonal wind at 30 hPa (prev. year)
Zonal wind at 200 hPa over central Atlantic
Zonal wind over west Indian Ocean
Meridional wind over west Indian
SLP Mauritius region 15°-25°S, 55°-70°E
Zonal wind over north Indian Ocean
SST5°N-10°S, 55°-70°E

Correlation
52%
47%
44%
4 3 %
4 3 %
3 3 %
29%
-28 %
26%
-25 %
-25 %
-19%

The correlations at three-month lead time represent a suitable period for advance warning
in the context of agricultural planning and mitigating actions. The most influential predictors
include the regional variables: 3 area-index SST, tropical Atlantic SST (a subset of 3 AI), and
east Indian Ocean pressure; and ENSO variables: SOI and Nino3. In total 12 predictors are
utilised in subsequent model development.
Predictive modelling

In this section the model to predict seasonal rains over Malawi is formulated based on
historical relationships with environmental predictors. The step-wise multivariate linear
regression approach is adopted and a 3-predictor JAS model is developed in a 34 year training
period: 1962 -1995. Predictors are screened to reduce co-linearity and the model is validated
using an independent test period consisting of the first or last eight years of the record. The
model for Malawi summer rainfall achieves an adjusted r2 fit of 55% and a Durbin-Watson
statistic of-1.9.

Malawi rain = +0.48(3AI) - 0 .32(EIP) - 0.26(QBO.,)
The resulting output is shown in fig 5-6. The 3-area SST index has the strongest influence, and
contributes positively to rainfall when the east Atlantic and Agulhas are warm and the west
Indian Ocean cool. The second-most influential predictor is the air pressure in the east Indian
Ocean. The least influential predictor is the QBO, exhibiting a negative relation in the previous
SON, hence westerly phase in the target season. Model validation tests achieve adequate results,
although at times the model-predicted amplitude is too small. The performance is similar in early
and late test periods. Models were also generated for early (NDJ) and late (FMA) summer
periods, but will not be considered here.
Conceptual discussion

In this section we briefly investigate the anomaly structure of mid-tropospheric
circulation based on a composite of the five driest summers in Malawi. The dry minus 40-year-
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mean pattern of 500 hPa winds in shown in fig 5-7. A narrow axis of accelerated westerly flow is
evident in the west Indian Ocean along 15°S, in response to warmer (cooler) SSTs to the north
(south) and the steeper geopotential gradient (thermal wind). Upstream over Africa the axis of
westerly flow is located along 35° S. A northward swing of the sub-tropical jet occurs over
Africa's eastern escarpment. The large-scale equatorward flow obtains a sinking component
according to the equation:

Integrating between 700 and 300 hPa and substituting values for: f = 10"4 s~\ df= -.53(10^ s1),
dy = 2(106 m) and £ = -10"V; and observed values for the V anomaly of 2 m s'\ and dp = 4 \04

Pa. Solving the equation we find <u = 0.2 Pa s"1 and the vertical motion anomaly (w) is -2 10"* m
s'1, in agreement with composite observations. Sinking motions (over southern Africa) prevail on
the back of the standing rossby wave, whilst a convective trough occurs near the apex at 55°E in
the west Indian Ocean.

The key determinant of climatic anomalies over southern Africa (and Malawi) is the
standing rossby wave, its links to the ITCZ, and the way it responds to regional SST patterns.
The dry composite SST and precipitable water patterns, which reflect these features, are
illustrated in fig 5-8. Negative values are noted in the higher latitudes of the Atlantic and Indian
Oceans, and in the tropical Atlantic around 10°S, 0°E. A large area of positive SST anomalies is
located in the west Indian Ocean with a centre of action at 10°S, 70°E. For precipitable water,
negative values are found in the Mozambique Channel (25°S, 40°E), extending into Africa with a
NW orientation. Positive values are found over the western Congo, extending SE to a centre of
action in the west Indian Ocean at 20°S, 70°E. The half-wavelength is 3000 km, and the
orientation is 300°-120°.

We propose the following conceptual model. A global El Nino finds regional expression
around Africa through a warming of the tropical west Indian Ocean and a concurrent cooling of
the tropical east Atlantic and the subtropical Agulhas region (Jury and Mason, 2001). A large-
scale rossby wave train along 20°S interacts with the SST pattern during austral spring and
summer to become anchored with a wavelength of - 70°. Local centres of opposing action occur
in the Mozambique Channel extending northwest across southern Africa and Malawi, and in the
south Indian Ocean extending northwest toward east Africa and Kenya.

We suggest that the atmospheric circulation is coupled with standing rossby waves across
the tropical ocean basins. Prior to and during El Nino conditions, the 'heave' of the thermocline
is westward in both the Indian and Atlantic Oceans (Zebiak, 1993; Tourre, et al. 1999; Jury and
Mason, 2001). Hence an axis of convection occurs east of Madagascar, whilst an axis of
subsidence occurs over southern Africa, linked with cooler SST near Angola. Because this
ocean-atmosphere coupling commences at least one season in advance, a degree of predictability
is available for exploitation as demonstrated here.
Summary

Our study of climate variability over Malawi has revealed a sympathetic response with
southern Africa and significant associations with ENSO and QBO phase in the period 1962 -
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1995. Composite anomaly patterns with respect to dry seasons illustrate a mid-tropospheric ridge
- trough pattern on 20°E and 55°E, respectively. The meandering of the sub-tropical jet stream
around the standing rossby wave contributes to subsidence over southern Africa. We argue that
this atmospheric circulation system is anchored to the SST pattern, which during dry years is
comprised of positive anomalies over the west tropical Indian Ocean, and negative anomalies in
the Agulhas region and in the tropical east Atlantic.

Precursor patterns are recognised through extraction of key area indices, and a predictive
model is developed at three-month lead-time, which explains 55 % of variance in the 34-year
period 1962 -1995. Residual errors are acceptable in the independent test periods, eg. forecasts
are produced within the observed tercile 'bins' 10 of 16 years (62 %). Further work could include
the updating of models to present, an analysis of the stability of association between rainfall and
leading predictors, and numerical modelling experiments that seek to refine the concept of ocean-
atmosphere coupling of standing rossby waves around Africa.
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Fig 5-1 - Rainfall time series (a) long term mean monthly rainfall illustrating the seasonal cycle,
and (b) standardised anomalies for the November to April period of each year.
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Fig 5-2 - Correlation maps for JAS and SON seasons for the COADS-based SST with respect to
the Malawi summer rainfall index. Negative values are dashed. Values > ± 0.3 are significant at
95% confidence limit.
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Fig 5-3 - Correlation maps for JAS and SON seasons for the NOAA satellite OLR field with
respect to the Malawi summer rainfall index, as in figure 5-2. Values > 0.42 are significant at 95
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Fig 5-4 - Correlation maps for JAS and SON seasons for the COADS-based SLP field with
respect to the Malawi summer rainfall index as in figure 5-2.
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Fig 5-5 - Correlation maps for JAS and SON seasons for the COADS-based vector wind field
with respect of the Malawi summer rainfall index, as in figure 5-2. Vector lengths correspond to
significance level and directions are reconstructed from U and V values.
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Fig 5-6 - Predictive model output (dashed) compared with the observed summer rainfall index
(solid) illustrating a reasonable fit at 3 month lead time. In (a) the test period is the last eight
years, in (b) the first eight.
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Fig 5-7 - Composite analysis, illustrating 500 hPa winds during dry summers. A meandering
axis of westerly flow anomalies is noted over southeast Africa.
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Fig 5-8 - Composite analysis, illustrating (a) SST and (b) precipitable water during dry summers
as in figure 5-7. The standing rossby wave is reflected in alternating NW-SE axes of warm
(moist), cool (dry) SST (atmospheric conditions). This is a coupled ocean-atmosphere system.
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Introduction to Lake variations study
Lakes and rivers in tropical southern Africa provide much needed water resources, but the

supply varies from year to year depending on prevailing climatic conditions. Summer rainfall is
the main recharging system, contributed by the inter-tropical convergence zone (ITCZ) and cloud
bands connecting equatorial convection with temperate troughs (Harrison 1986). Variations in
rainfall create a range of economic impacts, and recent observations suggest that tropical
southern Africa is prone to widespread drought and flood events (Jury et al 1992). Although
many studies have focussed on the climate of the region, few have addressed the hydrologic
responses. There is recent evidence for changes in the climate of Africa based on variations in the
levels of inland lakes (Maidment 1993). Lake levels respond to rainfall and to human
interference and consumption, so care is needed in relating water levels directly to climate.

Water supplies in southern Africa are relatively under-exploited for human use either by
agriculture through irrigation or for consumption through damming. Water resources of
economic importance include Lake Malawi, Lake Kariba, the Zambezi River, the Orange River,
and a number of smaller rivers over a 5 M km2 area of tropical southern Africa (Fig 5-9). The
Zambezi stretches a distance of 2660 km across five countries (9-20°S, 17-36CE), with a drainage
area of 1.3 10" km2, a mean discharge of 2.5 103 m3 s'1, and a hydro-electricity capacity near 104

Mw (Gandolfi and Salewicz 1991). The Zambezi River divides the wet tropics in the north from
the arid sub-tropics to the south. The mean annual rainfall over its catchment is about 1000 mm,
and the potential evaporation is 870 mm. The rainfall / run-off coefficient is 13 % averaged over
the basin and at Victoria Falls the mean annual run-off is 24 km3 (Liebaert 1997).

Lake Malawi lies at 474 m above sea level in the African rift valley, with a surface area
of 2.8 104km2, a volume of 8 103 km3, a land catchment area of 9.6 104 km2, a length of 550 km
and a breadth of 15-80 km, and borders three countries. Six small rivers create an annual inflow
of - 360 m3 s'1 to the lake, and one river (Shire) drains southward over a weir to the Zambezi.
The vegetative cover across this region is woodland (Brachystegia, etc) interspersed with dense
savanna, some of which is cleared for cultivation to feed ~ 20 M people. The catchment
experiences potential evaporation rates around 1600 mm (Mandeville and Batchelor 1990). The
mean annual rainfall around Lake Malawi ranges from 600 mm to 2500 mm and its variability is
the primary factor affecting inflows. In 1949-50, 1972, 1967 and 1992 low rainfall resulted in
declining lake levels, whilst in 1961-63, 1978-80, and 1989, high rainfall produced elevated
levels. The peak flood of 1979 resulted in many lakeshore developments being inundated.

To establish the water balance, the rate of change of lake volume with time is related to
the water input and output rates: dV / dt = (R+P) - (D+E), where R is runoff, P is precipitation,
D is discharge rate, and E is surface evaporation. The equilibrium lake level is given by: L =
(R+A(P - E)) where A is area, and D is neglected. Evaporative losses are controlled by the
available surface energy, and dependent on temperature, humidity and wind speed. Run-off is
computed by dividing the inflow by the catchment area. Estimates for water balance in Lake
Malawi according to Kidd (1983) include: R = +1100 mm, P = +1414 mm, E = -2264, G (Shire
outflow) -418 mm, leaving a net storage of +12 mm. Departures from mean conditions are
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generated by cumulative effects from previous years and by fluctuations in the intensity of run-
off during the rainy season. These can be decomposed into trends, quasi-cyclic variations,
stochastic auto-regressive properties and chaotic or random behaviour.

The regional climate is influenced by the topography and surface fluxes, and the manner
in which the prevailing moisture transport is organised by weather systems (Torrance 1972). In
the winter season from May to August, a high pressure system dominates the area and divergent
southeast trade winds induce persistently dry conditions. Mean temperatures in spring
(September-October) exceed 30 C and windy conditions enhance evaporative losses then. By
summer the ITCZ shifts southward to 10c-15°S and air masses from the Congo basin and the
west Indian Ocean meet over Malawi, causing heavy rainfall at times. The terrestrial moisture
flux is governed by monsoon responses over the adjacent Atlantic and Indian Oceans. A
strengthening of upper easterly flow during El Nino Southern Oscillation (ENSO) cool phase and
a concomitant increase in the sea-to-land temperature gradient results in an enhanced supply of
moisture over tropical southern Africa (Hastenrath et al 1993) and a replenishment of water
resources.

In this study we analyse variations in the level of Lake Malawi and the flow of the
Zambezi River at Victoria Falls, and establish the nature and context of water resource variability
in terms of regional climate. Our objective is to study climatic patterns contributing to flood
events and to develop forecast models for hydrological resources over tropical southern Africa.
Data and Methods

Monthly lake level data were obtained from the Malawi Water Resources Dept. for the
period 1916-1995 for three stations along Lake Malawi. Levels are measured above a reference,
the Shire Weir Datum. Although water level records started then, the period prior to 1937
exhibits a linear upward trend as the lake filled to the weir level. Thereafter a more cyclical,
climate-impacted behaviour is noted. In our analysis an inflow index is computed from the
difference in the level from the month with the lowest data for the year (~ November) to the
month with the highest level (usually May). The data are then standardised to produce anomalies
by subtracting the long-term mean from each year and dividing by the standard deviation.
Annual stream flow totals for the Zambezi at Victoria Falls were obtained from the Namibian
Dept. of Hydrology for the period 1915-1996. Annual standardised departures for a matching
period were computed. From conventional surface weather data, monthly rainfall was obtained
for a group of stations along the shores of Lake Malawi. Monthly potential evaporation was
computed using the Penman formulae.

The lake level time series is analysed for variability using various techniques: auto-
correlation for persistence, linear regression for trends, and spectral analysis for cyclic behaviour.
The remaining variance is assumed to have both stochastic and chaotic components. The lake
inflow index is cross-correlated with various environmental indices to determine what part of the
variability is predictable and linked with global and regional climate at one season lead-time.

To investigate regional climate patterns contributing to lake inflows, National Centre for
Environmental Prediction (NCEP) reanalysis data are utilised to derive composite fields of wind
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and precipitable water. The data are at 2.5° resolution and suitable for use in describing the
regional climate over tropical southern Africa. Years for inclusion in the composite analysis are
selected by ranking the inflow index time series. On consideration of the composite and
correlation results, a group of candidate 'predictors' is extracted for comparison with the lake
inflow index. A multi-variate model is developed using step-wise insertion to forecast changes in
lake inflow at one season lead-time.
Results
Time variability of water resources

The seasonal cycle of inflows and inter-annual variability for Lake Malawi is illustrated
in fig 5-10 over the 1937-1995 period. The 58-year mean incremental increase in lake level is
typically +0.17 m in January, and +0.24 m in each of the three months: February, March and
April. December and May exhibit small increases, whilst lake levels fall during winter and
spring, June through November, peaking at -0.21 m in July. The inter-annual variability exhibits
a biennial oscillation (2.0-2.6 years) and a weaker oscillation around 5.6 years in the period
1937-1995. Lake inflows were at a minimum in 1949 and a maximum in 1979. The years with
highest lake inflows, in the period of data overlap with NCEP, include 1962, 1963, 1974, 1978,
and 1989. A frequency distribution of inflow years (not shown) indicates a prevalence of cases in
the 0 to -1 sigma range, and a smaller group of cases in the +1 to +2 sigma range. The auto-
correlation of the inflow time series at +1 year lag is near zero, indicating that persistence is
limited by biennial oscillations and the intervening dry winter season. Comparing an average of
all lakeside summer rainfall data with the inflow index, a correlation of +0.77 is achieved. The
degrees of freedom is 56, so the r-value is significant at the 99% confidence limit. The strong
relationship indicates that lake inflows are useful in gauging climate variability in the region. The
lake acts as a raingauge, when incremental changes are considered. Incremental decreases in lake
level and outflows via the Shire River were similarly analysed, but for the sake of brevity will
not be reported here. In summary, Lake Malawi has a 'short memory' and is quite sensitive to
inter-annual rainfall variability. The relation of Shire outflows to absolute lake levels is high due
to hydraulic pressure, but is relatively low with the inflow index, as expected.

The temporal nature of Zambezi River streamflow is illustrated in fig 5-11. Farquharson
and Sutcliffe (1998) suggests that its high amplitude of variability is attributable to erratic
rainfall and high evaporation, owing to warm temperatures and the elevated topography. Flows
decline as low as 14 B m3 in 1915 and peak at 73 B m3 in 1958. 1958 appears as an inflection
point, with a rising trend before and a decline thereafter. A 80-100 year cycle is found in proxy
data for the Zambezi and other African rivers (Nicholson and Yin 1998, Tyson 2000). Our 1958
inflection point appears to be a part of this low frequency cycle. The histogram of Zambezi
streamflows is skewed toward the 0 to -1 sigma range, and flood events above +2 sigma are rare.
Spectral analysis of the time series of annual streamflows reveals weak cycles at 2.5, 5.8 and 9.7
yrs. Relationships with Zambezi basin-averaged rainfall are strong with an r-value of+0.74. The
cross-correlation of Zambezi streamflow with Lake Malawi inflow is relatively high at +0.53,
suggesting that hydrological impacts occur on continental scales, in agreement with Sutcliffe and
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Knot (1987). The Zambezi's higher degree of persistence (auto-correlation at +1 year lag =
+0.42) is distinct from that found for Lake Malawi. We attribute the persistence to the larger
basin scale and to inflow from Angola being partially governed by Atlantic decadal variability
(Tourreetal 1999).
Composite analysis of high lake inflow years

A composite analysis is conducted using NCEP reanalysis data for the 'wet' summers
(DJF): 1962, 1963, 1974, 1978, 1979, and 1989. The historical mean is subtracted to produce
anomaly fields for precipitable water and winds over the domain 10°N - 40°S, 30°W - 90°E. It
should be noted that the composite sea surface temperature anomaly pattern is relatively weak
around Africa. The precipitable water pattern for wet summers is shown in fig 5-12 and
illustrates a broad moist tongue extending from east to southern Africa. Its axis of orientation is
along the eastern escarpment and NE monsoon flow. Within this moist anomaly, a smaller NW-
SE-oriented positive axis is observed over Mozambique around 25°S, 35°E. This 'Mozambican
trough' extends toward Zimbabwe and Malawi, and is a regular feature of the summer climate of
southern Africa (Washington and Todd, 1999). The precipitable water composite results suggest
that wet summers are contributed by steady monsoonal inflows triggered by a sub-tropical
standing wave.

The wet composite circulation patterns are described using 3 and 12 km level data.
Composite winds at the 700 hPa level (Fig 5-12) reveal a low pressure cell in a clockwise
circulation over the central plateau (Botswana). Northerly flow on its eastward flank corresponds
with the Mozambican trough axis. A westerly flow anomaly occurs along 10°S, whilst easterlies
are found at higher latitudes. Together these zonal flows create cyclonic vorticity in the lower
troposphere over tropical southern Africa. At the upper level (Fig 5-12), an axis of easterly winds
occurs along 20°S, with an outflow channel branching poleward over South Africa. The easterly
axis extends into the tropical Atlantic and is indicative of ENSO cool phase conditions (Jury and
Mason 2001).

Vertical sections of the composite circulation anomaly are given in fig 5-13. The E-W
zonal wind section reveals a deep layer of westerly flow over tropical southern Africa and a
shallow layer of easterlies aloft. The zonal overturning appears connected to the Atlantic, where
precipitable water anomalies are negative. The N-S meridional wind section illustrates poleward
flow induced by the Mozambican trough. Maximum negative values occur around 25°S in the
300-500 hPa layer. V-wind anomalies are weak elsewhere and suggest that the Hadley
circulation is a lower order determinant of wet summers.
Development of predictive models

With increasing concern about climate variability in tropical southern Africa, regional
climatic factors underlying the temporal fluctuations have been assessed with respect to key
hydrological resources. Changes in the level of Lake Malawi and Zambezi River streamflows,
driven by basin-averaged rainfall, exhibit spectral energy in 2-10 year periods consistent with
cycles found in the stratospheric quasi-biennial oscillation (QBO), the global ENSO
phenomenon, and the solar cycle. Incremental inflows in Lake Malawi are offset by evaporation
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during the dry season. Biennial fluctuations ensure that each rainy season commences with little
residual effect from previous years. Based on a suite of six cases, composite NCEP reanalysis
fields provide a number of clues to climatic conditions underlying wet summers. Foremost
amongst these is a tropical circulation pattern comprised of low level westerlies, upper easterlies
and a moist trough over Mozambique. The climatic patterns are tracked to the precursor spring
season, and variables are extracted for inclusion in multivariate forecast models, designed to 4fit'
changes in Lake Malawi inflows. Following a careful screening process from analysis of
precursor season (JAS) environmental fields (Gwazantini 1999), candidate predictors are
extracted: swAst, eAst, eAp, cAu200, elp, swlp, clu, cist, slst; where the 1st letter refers to
position, the second to ocean, and the 3rd to parameter. In addition global indices: SOI, QBO and
nino3 (Pacific SST) are utilised. These are combined into regression formulae using a forward
step-wise insertion technique (Jury et al 1999). A set of rules are applied in the formulation
process:

• Statistical models should be developed for 'large* area-averages (catchments) e.g. > 3 deg2.
Regionalisation (eg. rotated principal component analysis, etc) should be performed on
continental and ocean-basin scale.
• Predictors should be drawn from 'large' areas e.g. > 10 deg2 and confined to the tropics (< 15
lat.) where convective responses are exponential. Predictors other than SST may be used, e.g.
SLP, U / V winds, global indices, etc.
• Target and predictor data should be filtered to three-month averages to remove intra-seasonal
oscillations. The lead-time preferred by users is three months, e.g. JAS for summer (DJF).
• The training period should exceed 30 years and the number of candidate predictors should be
less than half this (eg. 15), to minimise artificial skill.
• The number of predictors in the algorithm can not exceed three and may not be cross-
correlated such that r2 > 20 %.
• A hindcast r2 fit > 40 % should be achieved. If the model falls below this level, then
confidence in its use must be limited.
• Independent validation tests are conducted by 'blanking out' a number of years and predicting
those based on the remainder. Performance is judged by tercile categories 'hit'.

Applying these rules to our set of predictors, two JAS-season algorithms are produced:
Lm = -.34(nino3)+.34(slst) -.29(swlp) (1)
Lm = -.50(cAu2)-.47(eAp)+.35(swAst) (2)

Model 1. obtains a r2 fit of 43% and a Durbin-Watson value of 2.2 in the period 1958-1993. The
predictors in order of appearance include the nino3 SST in the eastern Pacific, southern Indian
Ocean SST and SW Indian Ocean surface pressure. The sign of the coefficient indicates how the
predictor contributes to increased take levels (eg. cooler Pacific, warmer south Indian Ocean and
lower pressure over the SW Indian Ocean). Performing an independent test on the last 18 years
(fig 5-14), model 1. produces a high r2 fit of 70%. Model 2 obtains a r value of 53%, but its fit
during an independent test period is not as good at 60%. The variables in model 2 include the
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central Atlantic upper zonal wind, east Atlantic surface pressure and the southwest Atlantic SST.
Increased lake levels correspond with upper easterly winds over the tropical Atlantic, lower
pressure over the east Atlantic, and higher SST in the SW Atlantic. Interestingly, all predictors
in model I. are from the Indo-Pacific domain, whilst all predictors in model 2. are from the
Atlantic.
Summary

In this chapter we have analysed variations in key water resources in tropical southern
Africa. Close relationships were found for lake inflows, river streamflows and catchment rainfall
as expected. Inflows to Lake Malawi exhibited little persistence and weak cyclical behaviour at
periods of 2-10 years. Hydrological resources were found to be sensitive to interannual variations
of climate and the regional structure of moisture and circulation. Wet years were examined and
found to be characterised by an influx of moist monsoonal air from the NE, a zonal overturning
cell connected to the tropical south Atlantic, and a subtropical trough over Mozambique.
Predictor indices were extracted from environmental fields exhibiting precursor signals at one
season lead-time. An outcome was the development of predictive models to forecast changes in
the level of Lake Malawi. A more general outcome, particulary in the context of this WRC
report, was the generation of meaningful information on the relative influence of climatic
fluctuations on water resources across tropical southern Africa.

Many issues raised in this study deserve further examination. For example, a detailed
analysis of flood events, coupled with an objective technique to pinpoint climatic signals and
refine statistical models would be of benefit. Such research would improve the uptake of
forecasts by hydrological managers. In addition to further statistical analyses, conceptual and
numerical modelling of hydrological variability is a necessity in tropical southern Africa, where
less than 10% of rainfall is converted to run-off and where water demand by a growing
population will result in shortages in a few decades.
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Fig 5-9 - Location map of key hydrological resources over tropical southern Africa
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and c) 200 hPa winds. Light shading in a) represents positive anomalies, dark = negative, contour
interval is 1 mm. Light shading in b) and c) refers to wind anomalies > 1 m s*1.
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Fig 5-13 - E-W (top) and N-S vertical sections of zonal and meridional winds, respectively,
indicating Walker-type overturning and trough activity. Contour interval is 0.5 and 0.4 m s"1

respectively.
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Fig 5-14 - Validation test for model (1) predicting inflows to Lake Malawi at one-season lead-
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Chapter 6 - Analyses of monsoon indices and ENSO stability using NCEP data

Consequent to the above studies, a detailed understanding of the value of regional
predictors in forecast models for southern African climate is gained. However little is known on
their stability of association with ENSO. Furthermore, interactions between the monsoons of the
east Atlantic and west Indian Ocean are unexplored. Here these aspects are analysed with the
help of wavelet techniques, to elucidate the time-varying nature of our regional climate.
Introduction

The tropical east Atlantic and west Indian Ocean exhibit seasonal monsoon circulations
of varying extent and intensity, dependent on north-south contrasts in temperature induced by the
landmasses of Africa and Asia. Inter-hemispheric flow from the south intensifies from May to
September, bringing convective rains to the northern tropics, from India to the African Sahel.
The weaker northeast monsoon flowing out of Asia in the months November to March, extends
convective rains into the southern tropics from Madagascar to Angola. The depth and orientation
of the shallow monsoon circulation and its embedded weather systems depend on the upstream
character of ocean-atmosphere interactions. Surface heat fluxes result in cooling of the tropical
oceans, leading to an increase in the north-south thermal gradient, a strengthened Hadley cell and
an amplified seasonal cycle. Zonal circulation cells extending toward Africa interact with the
monsoon circulations and remote El Nino-Southern Oscillation (ENSO) and contribute to inter-
annual fluctuations of climate, our focus here. It is generally accepted that the Indian Ocean
behaves differently than the Atlantic and Pacific. Equatorial upwelling is not well-defined and
the zonal slope of the thermocline is weak. Thus our analysis needs to account for these
differences, whilst seeking to explain some of the monsoon - ENSO interactions around Africa.

Africa experiences climatic extremes lasting from seasons to decades. Persistent dry and
wet spells have a proportionately large influence on economic output because more than half of
African GDP is derived from subsistence agriculture (Rwelamira and Kleynhans, 1996). Runoff
averages 16% of rainfall across the continent of Africa (Peixoto 1993) and river flows have
exhibited declining trends in the past 50 years (Jury 2001). Rainfall over the western Sahel has
shown a steady decline in recent decades in association with significant multi-decadal to
centennial variability. These trends and variations together with rain-dependent economic
structures make the continent particularly vulnerable to cycles of drought and flood. Many
authors have studied the extent, patterns and temporal nature of rainfall fluctuations in Africa
(Nicholson 1986, Janowiak 1988) and have identified three coherent regions:

- Sahelian belt of west Africa,
- sub-tropical southern Africa, and
- equatorial east Africa.
Each has a unique seasonal character and different assimilation of remote teleconnections

from surrounding monsoons resident over the tropical east Atlantic and west Indian Oceans. The
Sahel rainy season is from June to September, during which time easterly waves travel along
defined latitude bands, fed by the Guinea monsoon (Long et al 1998). East Africa experiences
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bimodal rains peaking in November and April associated with passage of the ITCZ and attendant
Hadley circulations, lnterannual rainfall variability is often attributed to zonal circulations of the
Indian Ocean (Hastenrath et al 1993, Hastenrath 2001, Mpeta and Jury 2001), particularly with
regard to an east-west dipole in climatic anomalies (Webster et al 1999). Over southern Africa
rains occur from November to March in the form of meridional bands - positioned according to
standing waves of the subtropical westerlies (Harrison 1986). A common factor throughout
Africa is the intensity and length of the intervening dry season. Rainfall is absent up to 7 months
of the year and springtime temperatures > 40°C are common.

Here, we explore climate variability in the African hemisphere guided by well known
determinants: the El Nino Southern Oscillation, a north-south gradient of SST in the tropical
Atlantic (Servain et al 1998) and an east-west gradient of SST in the Indian Ocean (Saji et al
2001). Pacific El Nino conditions are associated with wanning of the west-central Indian Ocean
(Cadet, 1985, Latif and Barnett, 1995; Nicholson; 1997; Reason et al., 2000) and increased upper
level westerly winds over Africa (Harrison 1986, Jury et al 1999). Such conditions induce
drought across much of the continent (Jury et al 1994; Rocha and Simmonds 1997), except for
the eastern tropics (Mutai et al 1998, Goddard and Graham 1999). To further investigate ENSO
influence in the Indian Ocean, a composite analysis of air-sea interactions is performed.
The global ENSO often elicits a lagged or opposing response in the tropical Atlantic (Hirst and
Hastenrath 1983, Nicholson and Nyenzi 1990, Zebiak 1993, Nicholson 1997). Prior to the
development of El Nino conditions in the eastern Pacific, the tropical eastern Atlantic Ocean
begins to cool. A zonal overturning (direct) circulation arises (Hastenrath 2001) with upper
westerly/lower easterly flow linking subsidence over central Africa with uplift over central South
America. Such a pattern contributes to a decrease of river flows across the African continent
(Jury 2001) through a sustained interaction between the convective systems and regional
circulations (Druyan and Hall 1996, Ward et al 1999). In this manner the tropical Atlantic plays
an important role in the transmission of ENSO throughout the African region.

In this chapter we investigate the temporal stability of monsoon indices and ENSO
associations around Africa, through statistical analysis of observed data for key areas over the
period 1958-1998. The nature of ocean-atmosphere coupling is assessed with a focus on the
circulation over the equatorial Atlantic and air-sea interactions of the Indian Ocean. Varying
contributions are evaluated for the surface heat fluxes, radiative balance and wind-forced ocean
uplift in the development of warm and cold events. We then relate the monsoon indices to time
series of continental rainfall via multivariate regression.
Data and Methods

Monthly rainfall data across Africa for the period 1958-1988 is available from the French
National Centre for Scientific Research (Richard 1994; Camberlin 1995). Uneven station
densities can influence statistical analyses, so some stations were excluded in high-density areas
to create a more uniform spatial coverage. 466 stations having complete records were retained. A
Varimax rotated principal component (rPC) analysis was carried out on de-seasoned departures
of monthly rainfall (Bigot et al 1995). The first 7 rPCs explained over half of variance. Here we
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make use of three modes, the Vest' African region comprising Sahel and Guinea areas (21% of
variance), the 'southern' African region comprising Zambezi and Kalahari areas (15.5%), and the
'east' African region extending over Kenya, Tanzania and Lake Victoria (explaining 7% of
variance). The rainfall time series, based on the rPC scores, are shown in fig 6-1 and spatial
loading patterns are schematically represented in figure 6-2.

We investigate relationships between the environmental variables and regional rainfall
indices at 0 and 6 month lag using multiple regression models, with predictors inserted in a
forward step-wise manner as outlined by Jury et al (1999). The rainfall time series are
decomposed into seasons to study the influence of key predictors. Our purpose in regressing
rainfall onto the environmental indices is to assess the interaction of ocean monsoons and
terrestrial climate. All variables are wavelet-filtered to remove 6 and 12 month cycles,
normalized by their standard deviation and smoothed with a 3-month running mean to reduce
noise due to observational bias and intra-seasonal fluctuations.

In assessing the significance of statistical fit, we estimate the degrees of freedom (DF) as
the sample size minus the number of predictors (three) divided by a measure of persistence. The
autocorrelation function declines below the 95% significance level in the case of west African
rainfall at 10 months and in southern and east Africa at 7 months. With a total sample of 372
months, the DF for the persistent west African rainfall series is ~ 37. The persistence is
attributable to 'slower' variations of SST in the tropical Atlantic (Enfield et al 1999). For
southern and east Africa the DF is ~ 53.

The selection of monsoon indices to describe the large-scale environment around Africa
reflects an extensive body of research (eg. Rocha and Simmonds 1997; Enfield and Mayer 1997,
Jury et al 1999; Reason et al. 2000). They include key areas in the tropical Atlantic and Indian
Oceans and correspond geographically to zonal circulation systems, regional monsoon flows,
known SST responses to ENSO, and internal Atlantic (non-ENSO) variability. Tropical wind
indices which anticipate changes in basin-scale SST are found in the east Indian (Rocha and
Simmonds 1997) and central Atlantic Oceans (Zebiak, 1993). SST data for key areas were
extracted from the Reynolds 2x2 degree reconstructed SST data set (Reynolds and Smith 1994),
whilst other atmospheric variables were extracted from the 1958-98 NCEP/NCAR reanalysis
climate data assimilation system (CDAS) archives (Kalnay et al 1996). The monsoon indices are
used in both the cross-wavelet and regression analysis.

Variables 1 and 5 describe monsoon circulations either side of Africa. The zonal wind
components are part of the zonal direct circulation that include the ocean-driving low-level
easterlies at the surface, whilst the meridional wind reflects the inter-hemispheric monsoon flow.
Variables 1, 8 and 9 are indices known to vary with ENSO phase (Jury et al 1994, Jury et al
1999). Variables 5 and 6 describe the Indian Ocean response to ENSO (Jury and Pathack 1993).
Variable 7 is known to modulate southern African climate (Reason and Mulenga, 1999).
Variable 2 represents the meridional SST gradient across the Atlantic (Enfield et al. 1999), which
is known to influence west African climate (Servain 1991). A total of 13 variables are considered
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in 10 key areas. The Nino3 SST (10) is utilized as a reference for ENSO teleconnections from the
Pacific sector.

We investigate interactions between environmental variables in the time-frequency
domain, with the continuous wavelet transform (CWT) technique (Lau and Weng 1995, Torrence
and Compo 1997, Mallat 1998). The CWT is first applied to filter out the seasonal cycle
embedded in the data. We then explore relationships within the environmental variables and
terrestrial rainfall using the cross-wavelet spectrum. Meyers et al. (1993) has applied this type of
analysis to evaluate ocean and atmospheric wave propagation. From this technique, we develop a
method that allows estimation of the cross-wavelet amplitude and phase (or time delay) between
the signals, localized in time. Its mathematical framework is given in the appendix. There are
'edge1 effects in this type of analysis dependent on the spectral character of the signal. Here, the
time delay is ambiguous for the first and last 3 - 4 years of the record (1958-62 and 1995-98),
while elsewhere the delay may be unreliable when the cross-wavelet amplitude is small. The
strongest justification for using wavelet methods is that they localize relationships in time as well
as frequency and enable us to examine how the amplitude and time delay at interannual
frequencies varies through the record. Correlation analysis, spectral analysis and other record-
length methods cannot do this, e.g., correlation analysis can show a single correlation value to
characterize the relationship between two variables, with no indication of whether that reflects
recurrent associations throughout the record or only a few strong events in part of the record; or
whether it reflects primarily high or low frequencies, or even an unresolved trend.

An additional problem is the non-stationary density of observations feeding the NCEP
climate data assimilation system, which is likely to be worse in the early part of the records.
Conventional observations over the oceans around Africa reach acceptable levels after the mid-
1960s. In recent decades satellite observations supplement and improve our knowledge of SST
and atmospheric circulation fields.

With consecutive monthly data, it is necessary to remove the seasonal cycle whilst
maintaining residual signals. This is accomplished via the CWT ridge procedure described by
Delprat et al. (1992). The filtering process successfully removes the seasonal cycle and retains
the inter-annual residual of interest.

A brief analysis of subsurface thermal structure in the tropical Atlantic and Indian Oceans
is conducted using data assimilated by the ocean model of J. Carton (Univ. Maryland-Del aware)
available on the International Research Institute for Climate Prediction's Lamont Doherty Earth
Observatory (IRI-LDEO) website. The model is an assimilation of available subsurface T and S
observations, and surface wind fields (and calculated fluxes) on a 1 x 1 degree global grid,
monthly in the period 1950 to 1998. The model horizontal resolution is 2 degrees longitude by 1-
2 degrees latitude (more dense near the equator). The vertical resolution is 20 m near the surface,
and increases with depth. The departure in the depth of the 20 degree isotherm from the long-
term mean {dZ2Jdx anomaly) is evaluated on the equator at 0° and 30°W, and at 60° and 90°E
for various seasons. The analysis is carried out for composite ENSO years using two criteria:
Nino3 SST and southern African rainfall in accordance with Jury and Mason (2001). We assess
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the extent to which the thermocline in both oceans 'heaves' westward during Pacific El Nino
conditions, when dry weather is experienced across much of Africa.

In our tropical Atlantic analysis, key variables are combined into an index for comparison
with Atlantic hurricane activity, based on information supplied by Landsea (pers comm.). A '3-
way index1 is calculated from standardized departures by subtracting the 200 hPa zonal winds in
the central Atlantic from the surface winds, and adding the tropical north Atlantic SST. This
index increases as SST increases and tropospheric wind shear decreases, both of which favor
greater hurricane development in the tropical North Atlantic (Gray 1984, Goldenberg and
Shapiro 1996, Landsea et al 1999). The hurricane activity index is the number of storm days with
winds > 33 m sl in the Atlantic basin 10 - 40°N, 40 - 100°W.

In our study of the tropical west Indian Ocean the heat budget is assessed using variables
5 and 6, together with the estimated shortwave (Qs) and longwave radiation (Q/) and the sensible
heat flux (Qh). All data are extracted from NCEP reanalysis archives in the area 10°N - 15°S, 50
- 80°E.
Results
Temporal stability of monsoon - ENSO relationships 1958-1998

In this section, we analyze the statistical association between key environmental variables
over the 41- year study period. We first explore the relationship between the Niiio3 SST and the
central Atlantic upper zonal winds (Fig. 6-3) with the cross-wavelet spectrum technique (see
appendix). The modulus (amplitude) of the cross-wavelet spectrum of the two signals is
displayed in Fig. 6-3. In analogy with a Fourier spectrum, the modulus corresponds to the cross-
spectral energy, except that it varies with frequency and time. The region under the bold line in
Fig. 6-3 indicates the area where 'edge' effects are important, and results should be disregarded
there. Largest amplitudes are concentrated in the 1.5 to 5 year interval. The relationship between
the signals is temporally variant, eg. fading in and out. 'Surges' in the cross-wavelet modulus can
be clearly seen centered on ENSO-related features: the El Nino events of 1969-70, 1972-73 and
1997-98, and the El Nino/La Nina oscillation of 1982-1989. The time series in Fig. 6-3 indicates
a close coupling between Pacific ENSO and zonal circulation anomalies over the Atlantic. The
200 mb anomalies modulate the climatological mean Atlantic Walker cell, which is comprised of
easterlies near the surface and westerly flow aloft that connects upper level outflow over the
Amazon convective region with convergence aloft over West Africa. Some of this variability
may be associated with the eastward propagating ENSO wave outlined by White and Cayan
(2000).

We further investigate this relationship by calculating the time-varying instantaneous lag
between the time series in the range 1 - 8 years, using the procedure described in the appendix.
The instantaneous time lag between the Atlantic upper zonal wind and the Nino3 SST is
displayed in Fig. 6-3. Its mean value is near zero. However, we observe that when the cross-
wavelet spectral amplitude is large, the Atlantic upper wind leads Nino3 SST by 1 - 2 months.
The correlation between the wind and SST signals, continuously shifted in time by the
instantaneous lag is 0.542, whilst the maximum correlation between the signals using the
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conventional approach is 0.461 at a lag of 1 month (winds leading). The higher correlation for
the fluctuating lag between signals demonstrates the advantage of this approach. Why should the
upper zonal flow over the equatorial Atlantic precede the Pacific Nino3 SST index? We believe it
is because the tropospheric direct circulation (anomalous zonal overturning) reacts more quickly
to eastward-shifted convection in the Pacific than do east Pacific SSTs, which depend on the
comparatively slow eastward propagation of ocean anomalies. In other words, both the NINO3
and the Atlantic winds are responding to atmospheric convective forcing in the western Pacific,
but NINO3 responds slowly (oceanic response) and the Atlantic winds quickly (through the
tropospheric Walker Circulation).

The upper tropospheric zonal wind anomaly is easterly (westerly) prior to (after) the late
1970s. This is consistent with a strengthening of the zonal direct circulation over the equatorial
Atlantic during the DJF season, and is associated with a large scale climate shift that occurred
around 1978 (Mestas-Nunez and Enfield, 2001). The accelerated 200 hPa flow is part of a pattern
that links greater Amazon convection and 200 hPa outflow over northern South America with
increased subsidence and inflow over west Africa and the Gulf of Guinea. A conspicuous feature
is an increase of outflow over the west-central Indian Ocean, possibly related to a warming trend
in SST.

Relationships between upper and surface zonal winds over the central Atlantic are
considered. The cross-wavelet modulus and the instantaneous lag (mean = 3.4 months) between
the upper and surface winds is analysed. When calculated with a fluctuating lag, the correlation
coefficient between the signals is -0.82. The conventional lagged correlation is -0.72 at 2 months
(upper winds leading). The instantaneous lag shows small but probably insignificant fluctuations
about this value, while the large lags at the beginning of the record are unreliable due to edge
effects and because the cross wavelet modulus is small. In the earlier part of the record sustained
lower (upper) westerly (easterly) anomalies are associated with greater rainfall over west Africa.
The subsequent decrease in west African rainfall, and the Sahel drought, are consistent with the
acceleration of the direct circulation (Mestas-Nufiez and Enfield 2001). More regular interannual
fluctuations are seen after 1980 when Africa experienced drier conditions. The stable anti-phase
association suggests a prominent zonal direct circulation in agreement with Hastenrath (2001).
Janicot et al. (1998) described and simulated the interannual coupling between the zonal direct
circulation in the Atlantic and equatorial SST in the Pacific.

The African-Atlantic climate relationships include an association with the frequency of
major hurricane development near 10°N, south and west of the Cape Verde Islands. Gray (1984),
Goldenberg and Shapiro (1996) and Landsea et al (1999) describe how ENSO phase modulates
Atlantic hurricane activity in this region through local SST and vertical shear anomalies. To
create a single index that reflects the environment affecting hurricanes, we subtract the surface
wind from the upper zonal wind and add the tropical North Atlantic SST, normalizing all
variables. Although located south of the hurricane development region, our equatorial Atlantic
vertical wind shear anomalies (200hPa minus surface winds) appear to directly affect the
development process. This 3-way index closely tracks western Atlantic hurricane activity as
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shown in Fig. 6-4. The peak in the early 1960s is followed by a long trend of declining tropical
cyclone days culminating in the 1983 El Nino event. Thereafter a gradual recovery occurs with
upper easterly winds, lower westerly winds and a warmer north tropical Atlantic enhancing
hurricane activity. These features are consistent with the findings of past hurricane studies and
suggest that our 3-way index captures key aspects of the large scale environment (wind shear and
SST) affecting the development of Atlantic hurricanes; eg. increased upper easterlies / lower
westerlies with respect to La Nina conditions, occur on the equatorward flank of the hurricane
development axis and impart cyclonic vorticity.

The Nifio3 association with equatorial SST differences on either side of Africa (eg. west-
central Indian Ocean minus east Atlantic) is illustrated in Fig. 6-5. The cross-wavelet modulus
and the instantaneous lag (mean = -1.5 months) is plotted in Fig. 6-5. The lag is computed for the
1 - 8 year range as before. The instantaneous lag correlation is 0.67, while the conventional
correlation is 0.55 at 2 month lag (Pacific leading). The coupling shown by the cross-wavelet
modulus is relatively stable with the Pacific ENSO being contemporaneous with Indian-Atlantic
SST over most of the period except for 1961-1970 when Nino3 leads. The same ENSO-related
features discussed for Fig. 6-3 are also seen in Fig. 6-5. During El Nino years, when the east
Atlantic SST is cool and west-central Indian Ocean is warm, African rainfall decreases over
much of Africa (Jury 2001). Hence, this relationship is opposite to that of Atlantic minus Pacific
SST differences with respect to Caribbean and Central American climates (Enfield and Alfaro,
1999; Giannini et al., 2000), which are wetter when the North Atlantic is warm and the eastern
Pacific is cool. The anti-phase relationship between the southeast Atlantic and west-central
Indian Ocean SST is significant during the period 1969-1990 (coincident with strong ENSO
oscillations), and is more quiescent in the early 1990s and early 1960s when ENSO activity was
also weak. Where it exists, the relationship suggests that cool tongue conditions in the equatorial
Atlantic precede west-central Indian Ocean warming (r = 0.33 at 9 months). Our results therefore
suggest that the equatorial thermocline 'heaves' toward the west in both oceans during ENSO
phase transitions in a manner consistent with the SST changes.

To test this concept, composite dZ2Jdx anomalies are analyzed from the Carton ocean
data assimilation model. Atlantic thermocline slope anomalies (0-30°W) prior to El Nino cases
(Africa - dry) are upward to the east at +1.7 10"6, yielding an increase in the normal eastward
upslope, and thus are consistent with a cooler eastern Atlantic. Prior to La Nina cases (Africa -
wet) the slope anomalies are downward to the east at -1.6 10"6 (warmer eastern Atlantic).
Composite Z2o slope anomalies in the Indian Ocean (60-90°E) during dry El Nino cases are
upward to the east at +5.9 10"*, and during wet La Nina cases slope anomalies are downward to
the east at -5.1 10"6. The subsurface thermal structure is consistent with the anti-phase expression
of SSTa either side of Africa, as expected. The Atlantic 'leads' the Pacific, whilst the Indian
Ocean follows. The amplitude of dZ2Jdx variability is three-times higher in the Indian Ocean in
January than in the Atlantic Ocean in the preceding July. For the west equatorial Indian Ocean,
the Z20 depth averages 95 m during cool events and 115 m in warm events. For the east equatorial
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Atlantic the Z20 depth is 35 m before La Nina and 25 m before El Nino events. The concept that
the thermocline heaves westward during onset and mature phases of El Nino is supported.

The relationship between west-central Indian Ocean SST and surface winds over the east
Indian Ocean is investigated in Fig. 6-6. The instantaneous lag correlation is -0.66 and the mean
delay is -2.2 months (winds leading). A significant portion of the variability is related to Pacific
Nifk>3 SST. Hence, easterly wind anomalies occur in the eastern Indian Ocean, producing
upwelling west of Sumatra and an increase in the zonal slope of the thermocline at the onset of El
Nino. SSTs rise to the west as the thermocline deepens there. This is consistent with equatorial
ocean dynamics: a westward wind stress anomaly over the equator must be balanced by an
eastward pressure gradient anomaly (increased thermocline slope). This ENSO-modulated E-W
dipole is consistent with the findings of Saji et al (2001), and Webster et al (1999), and Huang
and Kinter (2001) who study its evolution using extended EOF analysis applied to heat content
anomalies.
Atmospheric forcing of composite events in the west-central Indian Ocean

The above analysis, as also that of Reason et al. (2000), confirms that much of the ENSO
influence on the monsoonal processes relevant to African rainfall is mediated by Indian Ocean
SST. Hence, we are interested to inquire as to how warm and cool years in the Indian Ocean are
forced. A number of numerical models of the Indian Ocean, and global general circulation
models, have successfully simulated the seasonal circulation of the Indian Ocean (Woodberry et
al. 1989; McCreary et al. 1993; Schiller et al. 1999). Other research indicates that much of the
variability is related to Pacific ENSO fluctuations (e.g., Chambers et al. 1999). However, SST
variability has been less successfully simulated because of its greater dependence on sea surface
fluxes that are poorly estimated (Schiller 1999). McCreary et al. (1993) showed that advection is
important for SST in the boundary regions where upwelling cyclically produces large horizontal
gradients of mixed layer temperature, but that elsewhere a multi-layered model that includes a
realistic mixed layer will fail to simulate mixed layer temperature when parameters needed for
surface fluxes are suppressed. Their work suggests that over a large interior region where SST
anomalies can mediate monsoon effects, the mixed layer heat budget may be dominated by a
balance between surface fluxes and entrainment across the mixed layer base. It is with this in
mind that we now explore the possible role of such a balance over a large interior region of the
west-central Indian Ocean straddling the equator (Fig. 6-2).

ENSO - monsoon interactions over the west-central Indian Ocean cover a wide area ~
10l? m2 and significantly affect the climate of surrounding countries (Jury et al 2001). Composite
events in the Indian Ocean (10°N-15°S, 50°-80°E), are analyzed in figures 6-7 and 6-8 through
estimation of the heat budget imparted by surface fluxes and vertical motion induced by winds.
We identify a group of warm cases (1970, 1993, 1983, 1987, 1992, 1998) and cool cases (1965,
1972, 1974, 1976, 2989, 1997) based on the SST anomaly (variable 5 above) exceeding one
sigma during austral spring and summer (Sept-Feb). The predicted SSTa (To + dT) based on the
net heat flux anomalies and flux plus entrainment anomalies is compared with the observed SSTa
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over the west-central Indian Ocean. In this analysis ocean-atmosphere interactions are assumed
to be uniform over the domain.

Ocean-atmosphere coupling is explored based on the assumption that cooler SST will
derive from increased evaporation (Qe), entrainment cooling from below through isotherm uplift
(cyclonic wind stress curl), and reduced shortwave radiation. Whilst variables derived from the
wind fields (eg. flux and entrainment) are interpolated from observed data, radiative anomalies
are derived in the NCEP model and vary according to estimated cloud cover. To calculate the
change of temperature in the mixed layer, the equation used is: dT = Q dt / p Cp dz, where Q is
the net surface heat flux (eg. Qs - Q/ - Qh - Qe = short-wave, long-wave, heat and evaporative
components respectively), dt is time (one month), p is density, Cp is heat capacity, and dz is an
average mixed layer depth (-15 m). Enfield (1986) used similar methods to obtain Q and dT
estimates for the equatorial Pacific. All components of Q are obtained from the NCEP reanalysis
model as departures from the mean with units W m2. Fasullo and Webster (1999) suggest that
monthly net heat fluxes from the NCEP model are useful in determining the inter-annual
variability of SST.

In situ measurements of surface fluxes and upper ocean structure (Majodina et al 2001)
reveal lifting of the thermocline in the 0-10°S band from 50-90°E. The uplift of cooler waters is
attributable to cyclonic curl in the surface wind field, which is sustained for much of the year
south of the equator (McCreary et al 1993). There are a number of assumptions involved in
relating curl to dT via vertical entrainment, so a conservative approach is adopted. We determine
the percentage departure from the mean curl based on monthly NCEP wind data and calculate
vertical motion anomalies using W = rcurl/pf, from which we obtain dT = W (dT/dz) dt. The
influence on mixed layer temperature is estimated using an average dT/dz of order 10'1 C m'1

from the Levitus climatology (IRI/LDEO website). A scale analysis of the equation for vertical
motion using typical (dimensionless) values yields: Tcur, = 10"7, p = 10\ f = 10"5, and W= 10"5. An
order of magnitude departure of xcurt ( la) can generate a monthly uplift of 10 m and a dT
(monthly change of SST) of order 0.1 °C. Because this approach relies on a climatological value
for mixed layer stratification, departures may lead to errors in our estimate of entrainment
influence. With west-central Indian Ocean SST near the convective threshold ~28°C, small
changes in SST can result in significant changes in thermodynamic energy conversion (eg. latent
heating of the troposphere), so altering the surrounding climate.

Warm events start with a near zero SST anomaly and rise gradually to a minor plateau in
months 4-7 (April-July) of the onset year. During this time the wind field exhibits an increasing
anticyclonic curl which deepens the oceanic thermocline south of the equator. Evaporative flux
anomalies remain near zero early in the event. A steep increase of SST occurs in months 8-10 as
the evaporative flux declines and the curl continues an anticyclonic trend. The estimated
shortwave radiation exhibits a negative tendency and plays a minor role until months 11-13 (Nov
to Jan+1) when positive values occur. The anticyclonic curl and evaporative flux anomalies
weaken at the mature stage of the warm event. The warm SST anomaly reaches a value of+0.4 C
from months 11 to 17 (Oct to May+1), a lengthy spell coinciding with the NE monsoon.



82

Anticyclonic wind curl provides a warming influence in months 16-18 (April to June+1) and the
estimated shortwave radiation increases thereafter, inhibiting dissipation of the warm event,
despite a positive heat flux anomaly. Finally SST anomalies remain positive whilst the flux and
curl influence contribute to cooling after January. The predicted SST based on both fluxes and
curl are consistent with the composite observed values from months 5 to 12, and suggest that
ocean-atmosphere interactions can account for the build-up of the warm event rather well. In the
decay stage, significant differences between observed and predicted values may be attributable to
warm advection by ocean currents and thermal inertia.

The cool event is somewhat different in character, suggesting a degree of non-linear
behavior for ocean-atmosphere coupling. SST declines to a minimum more symmetrically in
months 11-15 (Nov to Mar+1). The onset phase displays a weak plateau for SST in the months 6-
8, following a sharp increase in evaporative flux in month 5 (May). The curl influence is minimal
through the onset and mature stages of the cool event. Composite fluxes do not generate
'sufficient' cooling in the initial stages of the event. However by months 9-11 evaporation
strengthens considerably. The estimated shortwave radiation exhibits a sharp decline from month
8 to 11 (Nov) and remains below normal through much of the cold event (to month 22). SST
anomalies begin to rise rapidly in months 16-20 (Apr to Aug+1) as the southwest monsoon
prevails. The monsoon circulation yields an anticyclonic curl influence from months 17-19 (May
to July+1) which rapidly dissipates the cool event. In general, SSTs are over-predicted by the
composite net flux plus curl components during the OND season.

Contrasts between the composite events can be found in the slow decay of the warm
event and its greater amplitude. The estimated shortwave radiation follows the SST anomaly, and
supports the wind influence (eg. flux and curl). This is unexpected: an increase of SST should
result in locally increased cloud and reduced radiative energy, hence negative feedback. Here the
evaporative flux, wind curl and solar radiation are constructively engaged. The Tcuri leads the
warm events and predicted - observed residuals are small from months 6 - 1 2 . However neither
the surface fluxes nor curl (vertical motion) explain the onset of cool events, so it is presumed
that cooling is initiated through oceanic advection associated with basin-scale wave propagation,
as outlined by Huang and Kinter (2001). The influences are quite seasonal: in both cases the
surface heat fluxes are strong in the OND season, whilst the xcurl contributes in the JAS season
preceding the warm event, a useful result for predictive purposes.
Associations between monsoon indices and continental rainfall 1958-1988

In this section we apply the monsoon indices to inter-annual fluctuations of continental
rainfall over a 31 year period. Our aim is to determine how well the ENSO-monsoon interactions
explain the rainfall fluctuations at concurrent and 6-month lead time. By separately considering
the three highest correlated predictors for each rainfall series, a number of interesting features
can be noted. Correlation values are higher for a wider selection of indices in the case of west
African rainfall owing to its larger persistence (serial correlation). The central Atlantic upper and
lower zonal winds (cAu2 cAu) are influential at concurrent times, whilst pressure over the
Arabian Sea (nwlp) is closely associated with west African rainfall at 6 month lead time. For
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southern African rainfall, meridional flow over the west Indian Ocean (wlv) and SST in the SW
Indian Ocean are important, whilst zonal winds over the east Indian Ocean are related at 6 month
lead. Zonal winds in the east Indian Ocean (elu) are quite influential to East African rainfall,
whilst zonal winds over the central Atlantic are also associated.

The regression models are formulated using a forward step-wise regression technique up
to a maximum of three predictors as outlined in Jury et al (1999). The resultant predictors are
screened to reduce co-linearity below a r threshold of 20%. A useful level of hindcast fit is
achieved when the multiple r2 value exceeds 30% for west Africa and 27% for southern and east
Africa, including the artificial skill imposed by a candidate pool of 13 predictors over a training
period of 31 years. With the time series normalized, the regression coefficients may be assessed
to determine the degree of influence of the various monsoon indices on African climate. The
multivariate models (Table 6-1) often differ from pair-wise assessments (Table 2). Within our
31-year record, decadal signals and model stability may not be resolved.

From the algorithms listed in table 6-1, the following interpretations can be made. West
African rainfall is associated with surface zonal winds in the central Atlantic. Significantly, all
African rainfall areas use this predictor with positive sign eg. westerly flow —> wet conditions. At
zero lag the north-south SST gradient in the Atlantic Ocean is an important determinant, the
south having greater influence. Cooler conditions in the southeast Atlantic contribute to a
northward migration of the ITCZ over the Sahel as expected (Servain 1991). At 6-month lead
surface air pressure in the north Indian Ocean is important and may relate to precursor conditions
for easterly wave trains. The model fit is significant (> 40%) at both simultaneous and 6-month
lead for west Africa.

The zero lag model for southern Africa is closely related to the meridional gradient of
SST over the Indian Ocean. When the tropics (sub-tropics) are cooler (warmer) than normal,
greater rainfall is produced by a southward migration of the ITCZ and a weakening of upper
westerly winds. The 6-month lead model for southern Africa uses the SW Indian SST together
with zonal winds in the east Indian Ocean and the streamfunction (curl) over the central Indian
Ocean. A cyclonic rotation induces an uplift of cooler subsurface water, favoring increased
rainfall over southern Africa. The model only explains 26% of variance at 6 month lead.

The east African rainfall model uses zonal winds over the east Indian Ocean, but with
opposite sign to the southern region. Easterly flow in the east Indian Ocean favors wet conditions
concurrently and at 6-month lead. Westerly surface winds over the central Atlantic are associated
with increased rainfall over east Africa both concurrently and in advance. At 6-month lead a
warmer SW Indian Ocean (+swlst) creates a precursor environment for increased rainfall, with
the same sign as for southern Africa.

Multiple regression models using monsoon indices are able to replicate 40 to 44% of
simultaneous rainfall variance respectively for southern and east Africa. These values are
statistically significant, and are largely dependent on the use of atmospheric predictors at long-
lead times. This may be explained in terms of our earlier analysis, wherein winds lead the
tropical oceans through various dynamical processes, from equatorial upwelling (Atlantic) to



conspiring fluxes and curl (Indian). This being the case, we may conclude that atmospheric
signals in ocean monsoon regions exhibit sufficient 'memory' to qualify as candidate predictors
of terrestrial climate.

To investigate how the monsoon indices influence African rainfall at different times of
the year, we disaggregate the series into 3-month seasons and assess associations with the
leading predictor at 6 month lead time. For West African rainfall - the more 'useful* DJF to JJA
association operates for the nwlp and cAu predictors, whilst declining values are found for the
others. In the case of Southern Africa, the more 'useful' JJA to DJF association holds for the elu
and cIT variables, but the swlsst variable shows a decline. For the bimodal East African rainfall,
the cAu and elu predictors associate more closely in April than October, suggesting that the SON
rains are more predictable than the MAM rains, as expected.
Discussion

African climates are dominated by the monsoon circulations that extend across the east
Atlantic and west Indian Oceans. In the May to September period the Indian southwest monsoon
draws moisture away from east Africa, whilst the tropical Atlantic monsoon feeds easterly waves
north of the Guinea coast (Eltahir and Gong 1996; Druyan and Hall 1996). From November to
March, the NE monsoon sweeps across the west Indian Ocean delivering moisture, first to east
Africa and later to southern Africa and the Mascarene Islands. The center of convective activity
over the Congo basin shifts with solar angle and the seasonal monsoons. Axes of upward motion
from the continental heat source extend southeastward during the austral summer to the Indian
ITCZ, and westward to the Atlantic ITCZ in boreal summer. Over the central Indian Ocean the
westerly monsoon flow is deep and upper easterlies are weak. Over the tropical Atlantic the
westerlies are shallow and upper easterly flow is more strongly developed (Hastenrath 2001).

We have examined the way the monsoon circulations depart from normal and affect
rainfall and hurricane development, using wavelet-based time series methods and multiple
regression analysis. For the Indian Ocean, where prior studies have not explained the
relationships between monsoon winds and SST (as in the Atlantic) we have analyzed the
relationship of SST tendency with surface fluxes and entrainment for composites of warm events
and cool events.

The extent and intensity of monsoon-driven convection is dependent on the interaction of
local and remote ocean-atmosphere coupling processes. Our research has shed light on this
subject by examining the nature and stability of ENSO transmission through monsoon indices in
key areas around Africa. One of the strongest relationships is that upper zonal winds in the
Atlantic often lead Nino3 SST, particularly in the 1980s (figure 6-3). This suggests the global
direct circulation reacts quickly to the initial shift of convection anomalies from the western
Pacific, compared with the slower nature of eastward ENSO propagation in the ocean. This direct
circulation displays a shift in the 1970s, with maximum amplitude over west and southern Africa
producing anomalous vertical motion that is consistent with the observed rainfall anomalies.
Richard et al (2000) have found a similar shift in the relationship between southern African
rainfall and ENSO. Other factors involving gradients of Atlantic SST and consequent ITCZ
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migration may be of similar importance to the large scale forcing fields. In east Africa, rainfall
appears to vary with anomalies of low-level winds over the monsoon region.

Another of the monsoon associations seen in the wavelet analysis is an ENSO-related
zonal see-saw variation in equatorial SST between the Indian and Atlantic Oceans. SST changes
in the east Atlantic are anti-phase to the equatorial Pacific and west-central Indian Oceans, (fig 6-
5). This is reminiscent of an Atlantic-Pacific SST see-saw found to be important for Caribbean
and Central American rainfall (Enfield and Alfaro, 1999; Giannini et al., 2000). However, our
multiple regression analysis did not select these inter-ocean SST swings as a predictor of African
rainfall.

Our understanding of ENSO-monsoon interactions around Africa has been applied to
continental rainfall through development of multiple regression models. Regional rainfall indices
were prepared using rotated principal component analysis for three coherent areas: Northwest
(Sahel-Guinea), Southern (Kalahari-Zambezi) and East (Kenya-Tanzania). The statistical models
for the three rainfall series make use of seven overlapping monsoon indices during the 1958-
1988 period (fig 6-2). For each region about 40% of the variance is explained by three key
monsoon indices, which vary from one region to another. In certain cases the regression
coefficient takes an opposing sign from one region to another.

The most influential variables for west African rainfall are the surface zonal wind over
the central Atlantic and the SSTs in the tropical North Atlantic and southeast tropical Atlantic.
With the onset of El Nino in the Pacific, the tropical North Atlantic warms, the SE Atlantic cools
and strengthened equatorial easterlies feed an anomalous low-level flow northward across the
ITCZ. These are associated with a northward excursion of the Atlantic ITCZ and greater NW
African rainfall. The increased tropospheric shear and greater tropical North Atlantic SSTs are
consistent with subsequent reduced hurricane activity downstream in the main development
region west of Africa (fig 6-4). At 6-month lead the surface pressure in the north Indian Ocean is
lower prior to increased rainfall over West Africa. This area is upstream and in the same
latitudinal belt as the tropical easterly jet which overlies Sahelian wave trains during boreal
summer. When upper easterlies are strong, easterly waves are more active within the African
ITCZ (Druyan and Hall 1996).

For southern African rainfall, SST differences between the southwest and central Indian
Ocean and the rotational component of monsoon flow in the central Indian Ocean (which
controls Ekman divergence and ocean entrainment) play significant roles. For east African
rainfall, the surface zonal wind in the east equatorial Indian Ocean is a key determinant. Westerly
(easterly) winds in the east Indian Ocean favor rainfall in southern (east) Africa, and serve to
indicate the strength of the zonal direct circulation and the east-west SST gradient. The
implication is that East Africa shares a maritime rainfall regime with the west Indian Ocean,
whilst convection over southern Africa is inversely related.

The composite ocean thermal analysis performed for extreme warm and cool events in the
west-central Indian Ocean describes their initiation and maintenance. Composite warmings begin
and are maintained through the alternate or simultaneous effects of reduced evaporation and
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reduced entrainment, while increased radiative fluxes also contribute. The OND season is when
the fluxes most actively modify SST, and also when the ocean and atmosphere are most strongly
coupled (eg. cloud depth adjusts to SST). Considering the net heat fluxes and vertical motion
induced by the wind curl, the predicted amplitude and phase of SST warming and cooling
conforms well with observed values. Discrepancies occur in the decay phase of the warm event,
and in the onset phase of the cool event. The unexplained residuals suggest that advective
processes may play an important role at those times.

A brief study of the seasonality of target-predictor relationships was made. In general,
statistical associations are distributed across the year and are not particularly phase-locked. For
the predictors zonal wind (elu, cAu) and pressure (nwlp), the association is stronger leading into
the rainy season. However the SST predictors (seAsst, swlsst) relate more strongly leading into
the dry season. This finding provides support for the use of monsoon indices in predictive
models. Recognizing that our knowledge of ocean-atmosphere coupling around Africa is limited,
it is suggested that greater in-situ measurements be gathered as part of GOOS and CLIVAR
activities.

Decadal variability can also be seen in some of the monsoon indices but is not well
resolved by the 1958-1988 data sets. One example is the relationship between hurricane
development, North Atlantic SST and tropospheric wind shear (Fig 6-4), which is consistent with
the findings of others. Another example is an increase in westerly flow aloft over the equatorial
Atlantic, which corresponds well to a shift in Pacific SSTs and the global direct circulation in the
late 1970s (Mestas-Nunez and Enfield, 2001). The greater westerly flow aloft feeds an increased
upper tropospheric convergence over west Africa, suggesting that reduced convection (increased
subsidence) over that region is a factor in the drier Sahel conditions observed in recent decades.

In this study the heat budget of the Indian Ocean was evaluated in the context of local
fluxes. It was found that only a part of the variability can be explained. The remainder comes
from remote forcing by incoming rossby waves that are initiated by ENSO exchanges between
the Indian and Pacific Oceans during the austral spring season (Jury and Mason 2002).

Appendix
Cross-wavelet spectrum and estimation of the instantaneous phase difference and time lag
between two time series.

Trie Continuous Wavelet Transform (CWT) of a signal x{t) with wavelet y/ is defined as:

Wx(b,a) = - ]x(t)v*(—)dt (eq. 6-1)

where a is the dilatation parameter, b is the time translation parameter and * denotes the
complex conjugate. Here, we use the complex Morlet wavelet:
y/{t) =/r~'/4 exp(-/2 /2)exp(/<v) (eq. 6-2)
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with / = v - 1 and co0 = V2/ln2 £ 5.34. With this wavelet, the transform coefficient Wx{b,a)
may be expressed in terms of real and imaginary parts, modulus and phase, and the relation
between the dilation parameter a and frequency / is f(a) - co{a)l27i ~ 0,874/a .
The cross-wavelet spectrum of two series x{t) and y(t) is defined as:
Wxv(b,a) = Wx(b,a)Wy(b,a) (eq. 6-3)

where Wx(b,a)and Wr(b,a) are the CWT of x(t) and y(t)respectively and where * denotes the
complex conjugate. The cross-wavelet coefficient Wxy{b,a) is a complex number and may be
expressed in terms of real and imaginary parts, modulus and phase difference. Recall that if
z, =exp(/0j)and z 2 =exp((0 2 ) are two complex numbers with phases 0, and# 2 , then
zxz\ — cxc2 exp[/(0i —02)] is a complex number with phase: A9 = 9l —02 .
Consequently, the cross-wavelet spectrum provides an estimation of the local phase difference
A0(6,a)between the two series for each point of the (b,a)time-frequency space. This local
phase difference is independent of the amplitude of the series. These characteristics allow us to
estimate the instantaneous phase difference between the two series x(t)and y(t). Keeping in
mind that b corresponds to the time t, this phase difference is defined as:

XlmlW^Xb^a^da

A<£>(b) = tan"1 •— (eq. 6-4)

\Rc[Wxy(b,a))da

where Rs[Wxy(b,a)] and \m\Wxy{b,a)\ are the real and imaginary parts of W {b,a)and
where a, < a2 are the lower and upper limits of the dilatation parameter. The instantaneous time
lag between x(t) and (/) is then obtained from the relation:

where F(b) is the instantaneous frequency. We define this frequency as the first normalized

moment in frequency of W {b^a):

\f{a)\Wxy(b,a)\da

\\Wxy{b,a)\da

where / (^ ) i s the frequency corresponding to the dilation parameter a and where ^
the modulus of W (b,a).
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Table 6-1: Multi-variate models
Rainfall area Linear regression algorithm
West Africa +.71 (cAu) -.44(seAsst) +. 19(nAsst)
West Afr-6 -.33(nwlp) -.25(seAsst) +.24(cAu)
South. Afr +.63(swlsst) -.43(clsst) +.22(cAu)
South. Afr-6 +.27(elu) +.26(swlsst) +.22(cI4/)
East Africa -.68(elu) +.36(cAu)
East Afr-6 +.51 (cAu) -.36(elu) +.30(swIsst)

adjusted r2 fit %
44
43
40
26
44
32

(1" lower case=area, 2nd upper case=ocean, 3rd lower case=parameter, -6 refers to lead time)
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Fig 6-1 - Station distribution (upper left), rotated principal component time scores for (clockwise
from upper right): southern Africa, east Africa, and west Africa.
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Figure 6-2 - Schematic representation of spatial loading regions for African rainfall (shaded
areas). Rectangles identify tropical Atlantic and Indian monsoon index areas described in table 6-
1. This serves to consolidate the predictors of African rainfall uncovered in this study.
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Figure 6-3 - (a) Filtered time series for Nino3 SST and upper zonal winds (bold) of the central
Atlantic, (b) cross-spectrum modulus, and (c) instantaneous time lag, positive when the winds
lead.
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provided by Landsea (pers. comm.)-
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Figure 6-5 - (a) Filtered time series for the SST difference between the west-central Indian
Ocean and the east Atlantic (bold) and Nino3 SST, (b) cross-spectrum modulus, and (c)
instantaneous time lag, positive when the SST difference leads.
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Figure 6-6 - (a) Filtered time series of SST in the west-central Indian Ocean (inverted in bold)
and surface zonal winds in the east Indian Ocean, (b) cross-spectrum modulus and (c)
instantaneous time lag, positive when SST leads.
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Figure 6-7 - Composite warm (a) and cool (b) events in the west-central Indian Ocean
identifying surface flux components of the heat budget.
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Figure 6-8 - Composite warm (a) and cool (b) events in the west-central Indian Ocean
illustrating observed (bold) and predicted (thin dashed lines) SST anomalies.
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Chapter 7 - Determination of predictors and targets, regionalisation and development of
statistical models

Recognising that earlier work on climate prediction had uncovered 'too many' variables
(Chapter 1) thereby introducing a degree of artificial skill (fig 7-1), this chapter outlines how new
predictors and targets were consolidated. The analysis made use of 2° gridded mean monthly
rainfall and temperature fields over the African continent from the Climate Research Unit
(CRU), and COADS (Comprehensive Ocean Atmosphere Data Set) 10° gridded SST, SLP, U
and V surface wind fields over the Atlantic and Indian Ocean. The period 1965-1995 was chosen
for the study because of the higher integrity of meaningful ship-based data in COADS. A short
description of the data follows.
COADS marine data

The Comprehensive Ocean Atmosphere Data Set (COADS) is an extensive collection of
surface marine data available for the world ocean. COADS is a result of a continuing cooperative
project in the National Oceanic and Atmospheric Administration (NOAA). The parameters used
from this data set were Sea Surface Temperature (SST), Sea Level Pressure (SLP), Zonal (U)
wind component and Meridional (V) wind component. Mean (enhanced) monthly statistics were
extracted from the Indian and Atlantic Oceans in the domain 30°N-40°S, 70°W-100°E for the
period 1965-1995. The period 1950-1964 was excluded because of too many missing data. The
enhanced statistics, whose record period is from 1950 to 1995, were derived using 3.5 sigma
trimming limits (a quality control procedure used to identify outliers with respect to
climatological values). The trimming limits still allow for extreme climate events. In order to
increase coverage, marine observations from ships, fishing vessels, and surface oceanographic
measurements were combined. The data is accumulated into 10°xl0° lat/lon grid boxes from
which inter-annual patterns are extracted for the Atlantic and Indian Oceans.
CRU rainfall data

Gridded monthly rainfall and temperature data for continental Africa were obtained from
the Climate Research Unit (University of East Anglia). The 2° latitude/longitude gridded mean
monthly precipitation and temperature data for the period 1951 to 1995 were analysed from 2307
stations for precipitation and 1485 stations for temperature. 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 is the case in Africa.
Hutchinson (1995) provides a theoretical description of its application to surface climate
variables such as precipitation.
Indices - ENSO

El Nino is an extensive warming of the upper ocean in the tropical eastern Pacific lasting
up to three seasons. The negative, or cool phase of El Nino is called La Nina. El Nino events are
linked with a change in atmospheric pressure known as the southern Oscillation (SO), (Glantz, et
al., 1991). The Southern Oscillation is characterised by a see-saw in atmospheric pressure
between the western and eastern regions of the Pacific Ocean, with one centre of action located
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south of Indonesia and the other centre located near Tahiti. The SOI, which is an index that
measures the magnitude of SO is 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 events are those in which both
El Nino and Southern Oscillation occur together. El Nino often begins early in the year and
peaks between the following November and January. ENSO events are known to influence
rainfall over the African continent (Ropelewski and Halpert, 1987; Ogallo, 1994). The Nino3
SST index from 1965 to 1995 is used in this study. The Indonesia sea level pressure anomaly
index is the standardized sea level pressure over Indonesia. This index has some ENSO
characteristics and has been acquired from the NOAA web site (http://www.cdc.noaa.gov/), from
1965 to 1995.
Quasi-biennial Oscillation Index (QBO)

The Quasi-biennial oscillation is a stratospheric zonal wind that reverses over the tropics
every 12-13 months. In this study use is made of the zonal wind index (m/s) at 30 hPa of
Marquardt and Naujokat, (1997). The index is a combination of values at Canton Island (3°S,
172°W) for January 1953- August 1967; Gan./Maidives (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. Naujokat
(1986) documents the data, uncertainties in the early years due to lack of daily data, change in
reference stations, and the general features of QBO.
Methodology

In order to study inter-annual climate variability it is necessary to consider the need for
area averaging in a meaningful way, so that influences from remote sources are not confused.
Many methods can be used to spatially cluster time varying fields. Among them is principal
components analysis which extracts coherent patterns in spatial data. Averages are then
calculated for data falling within a cluster area. In this way the data are reduced and meso-scale,
intra-seasonal and topographic features are avoided. In order to understand the spectral
characteristics of the resulting time series, a continuous wavelet analysis is applied. Statistical
association is evaluated using Pearson's product correlation. These methods are further described
in the following section.
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 variables whilst explaining variability within the original record
(Jolliffe,1993). PCA is done when the original data contains grid point variables that are
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spatially correlated, as is in the present study for gridded rainfall and temperature data over
Africa; and gridded SST, SLP, U and V wind over the Atlantic and Indian Oceans. Application
of PC A thus reduces the original data to sub-sets ranked in order of importance.

Principal components (PCs) or modes are produced via PCA, each consisting of an
eigenvalue that quantifies the variance, a set of 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.e. the dominant pattern. The second PC is
the linear function with the next highest variance subject to being uncorrelated with the first PC.
Subsequent PCs are all linear functions ranked in order 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 7-1) 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.
Key area predictors

The number of PC modes retained to study the annual cycle was two. After removal of
the seasonal cycle for the analysis of inter-annual variability - three modes were retained. In each
case, for all parameters, the PCA was done first unrotated, then Varimax rotated. Rainfall PC
modes for eastern and southern Africa were selected for further analysis. For SST, SLP, U and V
wind: modes 1-3 for both un-rotated and rotated were considered. Key areas were identified from
PC modes and time series were created by area averaging of values within maximum spatial
loadings from January 1965 to December 1995. In some cases for unrotated modes, dipole
patterns were evident, so data from two areas was either subtracted or added as required. In this
way time series were created of 372 consecutive months for the target (rainfall and temperature)
and predictor (environmental) key areas.
Correlations between key areas and PCs

Correlation analysis was done between the PC time score and respective key area time
series. Key areas are considered to be superior in operational applications - as they are easier to
obtain and track over time, and also they represent fixed-area anomalies that do not receive small
contributions from outlying areas. The tables below define the predictor areas (7-1), their cross-
correlation with key areas (7-2) and their relationship with rainfall over southern and east Africa
(7-3). From these, multi-variate models were developed to predict fluctuations in terrestrial
climate.
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Table 7-1: Description of the PCs, their loading areas and names (parameter and ocean). For
dipole regions - the name shows two oceans with a + or - sign between.

Parameter

SST

SST

SST

SST

SST

SST

SLP

SLP

SLP

SLP

SLP

SLP

U ZONAL WIND

U ZONAL WIND

U ZONAL WIND

U ZONAL WIND

V ZONAL WIND

V MERIDIONAL

V MERIDIONAL

V MERIDIONAL

PC Mode

PCI

PC2

PC3

PC1R

PC2R

PC3R

PCI

PC2

PC3

PC1R

PC2R

PC3R

PCI

PC2

PC3

PC1R

PC3R

PCJR

PC2R

PC3R

Areas

60°E-90°E, 10°N-10°S + 50° W-10° W,20°N-l 0°S

60°W-20°W,10oN-20°N - 30°W-0o,0o-30°S

50°W-0°, 10°N-10°S - 40°E-60°W, 0°-30°S

50°E-90°E, 0°-20°N

30°W-10°E, 10°N-20°S

40oW-I0°W,30oN-I0°

40°E-100°E, 10°N-10°S + 50° W-0°, 10°N-20°S

60°E-90°EJ 0°N-20°S - 70oW-10oW,0o-30°N

70°W-10°W, 10°N-30°N - 306W-0°W, 10°S-30°S

30°W-0°, 0°-20°S

70°E-I00°E, 0°-30°N

40°W.I0°W, I0°N-30°N

60oW-30°W,10oN-20°N + 40oE-90°E,20oS-40°S

70oE-]00°E,l0oN-10°S

40oW-I0°WJ0oS-20°S + 50oE-80oE,I0oS-20°S

60°W-10°W, 10°N-l0°N

40°W-0°, 10°S-3()°S

20°W-I0°E, I0°S-40°S

40DW-10DW,20oN-10°S

40°E-70oE,20oN-l0°S

Key area name
SST lnd+Atl

SST Atldipole

SST lnd-Atl

SST Ind

SST eastAtl

SST northAtl

SLP Ind+Atl

SLPInd-At!

SLP AtlDipole

SLP Atl

SLPlnd

SLP NwestAt!

U Atl+Ind

Ulnd

U Atl+lnd2

UAtll

U Atl2

VAtll

VAU2

VInd

Where 'R' stands for rotated, total = 20 predictors
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Table 7-2 Correlation

Southern Africa

East Africa Rf

SST

SLP

nd+Atl

AtlDipole

nd-Atl

Ind

eastAtl

lorthAtl

Ind+Atl

Ind-Atl

AtlDipole

^astAll

sastind

NwestAtl

Rfn
PCI

0.90

Rfn
PC3

0.78

u
wind

V
wind

Atl+lndl

nd

Atl+Ind2

Atll

Atl2

Atll

Atl2

Ind

between extracted key areas and PCs
SST

PC)

0.95

0.79

0.74

PC2

0.89

PC3

0.75

PC1R

-0.91

-0.78

-0.671

PC2R

0.34

D.60

PC3R

SLP

PCI

•0.9X1

•0.87

PC2

Zonal wind

PCI

0.86

PC2

D.8

PC3

•0.48

PC1R

0.94

PC3R

•0.81

PC3 PCIR

•0.59

PC2R

D.79

PC3R

•0.26

Vleridional wind

PCIR PC2R

0.24

PC3R

-0.2
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Table 7-3 Lagged pair-wise

Environmental Key areas

SST Ind+Atl

SST AtlDipole

SST Ind-Atl

SST Ind

SST eastAtl

SST northAtl

SLP Ind+Atl

SLP Ind-Atl

SLP AtlDipole

SLP eastAtl

SLP eastlnd

SLP NwestAtl

ZONAL WIND Atl+lnd

ZONAL WIND Ind

ZONAL WIND Atl+Ind2

ZONAL WIND Atll

ZONAL WIND Atl2

MERID. WIND Atll

MERID. WIND Atl2

MERID. WIND Ind

QBO30

IndSLPa

SST Nino3

correlation between predictor

Southern Africa Rainfall

and target indices

East Africa Rainfall

CORRELATION COEFFICIENTS

3 Mon. lead

-0.30

-0.15

0.15

-0.34

-0.23

-0.12

-0.29

-0.42

-0.17

0.33

-0.19

-0.13

0.12

-0.17

0.41

0.40

-0.42

-0.48

6 Mon. lead

-0.30

0.27

0.13

-0.31

-0.24

-0.17

-0.28

-0.36

0.3

0.16

-0.17

0.33

0.31

-0.33

-0.36

3 Mon. lead

-0.17

0.27

0.38

-0.37

-0.14

0.39

0.38

0.47

0.45

0.2

0.28

-0.44

-0.31

-0.19

0.14

0.19

6 Mon. lead
-0.2

0.25

0.22

-0.13

-0.39

-0.15

0.23

0.27

0.41

0.34

0.24

0.2

-0.22

-0.25

-0.16

-0.18

0.17

With a degrees of freedom of 30, r > .35 is significant at p < .05
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Five targets areas based on PC modes of departure data:

Rain pel: 18 S
Rainpc3: 8 N -
Temp pel: 6 S -
Temp pc2: 16 S
Temp pc3: 6 N-

- 3 0
4 S ,
-20
-2S
-12

s,
3C

s,
s
s,

2 0 -
) -42
20E-
,22E
30 E

32 E south
E east

- 32E central
- 34 E south

- 42 E east

Considering the continuous monthly time series with the 20 predictors listed above, and
developing models over a 30 year training period yields the following results:

Target Most Significant Predictors Fit
(Annual cycle)
Rain pel
N-S dipole
Zambezi / Sahel

Rain pc2
Equatorial
Band

Temp pc2
N-S dipole
Kalahari / Sahel

Temp pc3r
Lower Zambezi

(Departures)
Rain pel
Africa south
of Zambezi

Rain- pc3
Angola-Kenya
dipole

Temp pel
Zambezi region

Temp pc3
Tanzania region
+ NE Atlantic SST

Vpcl
W.Indian/Guinea monsoon

SST pc2 + 2 others
eq. W. Indian/eq. W. Atlantic SST

SSTpc2& Vpc2
eq W. Indian/eq. W. Atlantic SST
NW-SE banded wind pattern

SST pel + 1 other
N-S dipole of SST in both oceans

U pc2r + SLP pc3
eq. E. Indian zonal wind +
N-S dipole of press, in Atlantic

U pc2 + SLP pc2
central Indian zonal wind +
Indian/Atlantic Press, dipole

SST pel + 1 other
central Indian/eq. W. Atlantic SST

Upc3r + SSTpc3r
south Atlantic zonal wind

93

59

72

68

20

22

70

20
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We may interpret the models based on the predictors selected. The annual cycle of
African rainfall is strongly controlled by the meridional (N-S) component of the tropical
monsoon circulation with an explained variance of 93%. Of the models for interannual
departures, the Zambezi region temperature has a high explained variance (70%), contributed by
SST varying in-phase in the west Atlantic and west Indian Oceans and the global warming trend.
It is suggested that the warm upper layer of these oceans undergoes a see-saw action that is in-
phase. This work furthermore demonstrates that dipole (or two-area) predictors have
considerable value, in addition to single-area predictors. Of the key area predictors for southern
African rainfall: at zero lag the dipole in SST between the SW Indian Ocean and the western
tropical Indian Ocean provides a high degree of predictability. At six month lead time the east
Indian Ocean zonal wind is a useful indicator of southern African rainfall. The zonal wind is also
known to produce a westward moving ocean rossby wave that induces SST changes near
Madagascar some 6 months later.

One important message from this work is the importance of the annual cycle. It accounts
for about half of total rainfall and temperature variance, whilst interannual departures provide
only 10% of the total signal. Hence a model that predicts the amplitude of the annual cycle may
have considerable value. Another point is that prediction based continuous data may help define
shifts in the rainy season, in contrast with the (discontinuous) seasonal approach which is often
followed.

ARTIFICIAL SKILL
USING RANDOM NUMBERS

1O 15 20 25 3O 35 4O
CANDIDATE PREDICTOR POOL SIZE

4 5 5O

22 YR 4OYR

Fig 7-1 Artificial skill generated by a pool of candidate predictors ranging in size from 5 to 50,
based on time series of Jury et al (1997) scrambled by Dr S Mason and interatively used to
develop multi-variate models for training periods of 22 and 40 years.
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Regionalisation of target areas and formulation of models

A new approach to regionalising target rainfall data is reviewed and models are
developed based on new target areas and consolidated predictors. At the outset, it is considered
that the climate system offers predictability at lead-times > 3 months only at large spatial scales,
where a coherent uptake of remote climatic signals is found. Here we evaluate the appropriate
spatial scale for statistical prediction through principal component analysis on Africa rainfall data
south of 15 N (collaborating scientist: A. Philipp, University of Wuerzburg, Germany). The
rainfall data are continuous monthly departures and derive from the Climate Research Unit
(CRU), University of East Anglia gridded at 0.5° resolution. Rotated principal component
solutions are calculated for a varying number of PC modes from 10 to 24. The spatial loading
patterns are used to define the boundaries of the PC 'clusters' and rainfall area-indices are re-
constructed from the original data for each area. Then cross-correlations are computed between
all area-indices within each PC solution. The correlation function is plotted for the modes 10 to
24 below. The slope is flat from 24 to 15 PCs and rises from 14 to 10. The inflection point at
mode 15 (fig 7-2) suggests an optimum regionalisation for rainfall over Africa. It serves to guide
the size of target area for the training of predictive models (fig 7-3). In the case of southern
Africa, use of continuous monthly data may not be advisable owing to the dry winter season. So
the regionalisation is re-calculated on November to March rainfall (fig 7-4). These target indices
are used to develop models, based on consolidated sets of predictors.

0,8-

0,7

0,6-

0,5-

0,4
I

0,3

0,2

0,1

24 23 22 21 20 19 18 17 16 15 14 13 12 11 10

# Of PCS
Fig 7-2 Cross-correlation of rainfall indices for various PC solutions, indicating how an
optimum regionalisation is achieved.
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Fig 7-3 Spatial loading pattern for the optimal regionalisation.
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Fig 7-4 Spatial loading pattern for selected southern African targets based on seasonal rainfall.
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In table 7-2 below, multivariate algorithms are defined based on step-wise regression
with new information generated from the WRC project. In some cases 'old' models out-perform
newer versions, so these are retained. In some cases NCEP predictors are used as discussed
earlier, in other cases COADS PC predictors are used over a 30 year period. In some cases the
models exhibit significantly differing characteristics in the first and second half of the training
period, so '2nd half models are retained and the training period is 19 years. In some cases the
models are trained over 39 years using the NCEP data.

Because of the 'penalty' applied to evaluate how well the predicted time series fits the
observations, the model performance can be intercompared. In most cases two or three models
are generated for the same target using either different lead times or different combinations of
predictors. For example, the models for eastern South Africa use SST, wind and pressure in
various forms to explain about 1/3 of the variance at 3-6 month lead time. Some of these are
'old' models from earlier predictor sets, whilst others achieve a better fit when trained over a
shorter period, apparently due to shifts in the way the teleconnections are transmitted. It is
anticipated that further refinement and consolidation of predictors will occur and lead to a unified
set of predictors and statistical models. Objective cross-validations have been undertaken,
however the adjusted hindcast fit provides a simple index of statistical model performance. A
value of 1/3 is typical and leads to a tercile hit rate for independent periods of around 50%.

Table 7-2 Statistical
Nov-Mar Rain

models based on new regions - in use 2001 +
Multivariate algorithm lead adi r fit

JAS
SON
SON
JAS
SON
JAS
JAS
SON
SON
JAS
JAS
JAS
JAS
SON

33
28
32
32
35
33
35
39
34
48
32
40
22
33

training (vrs)
19
19
22 old
39
39
22 old
39
19
22 old
22 old
30 new
22 old
30 new
19 old

E South Africa
E South Africa
E South Africa
W South Africa
W South Africa
W South Africa
E Zambezi
E Zambezi
E Zambezi
E Botswana
E Botswana
N Namibia
N Namibia
SA.maize

-.63(wiU)+.34(naSST)-.30(eiP)
-.44(wiU)+.38(naSST)-.28(atlw2)
+.45(angSST)-.53(ciSST)+.49(niV)
+.29(ciEvap)-.55(eiP)+.38(swiSST)
+.30(seaSST)+.49(eiU)+.32(QBO30)
-.69(atIw2)-.46(eiV)
-.26(wiU)-.53(eiP)+.32(naSST)
+.36(angV)+.62(eiU)
-.35(atiw2)-.40(angP)
+.86(wiOLR)+.56(wiP-nwiP)+.45(caU)
+.79(Upc3)-.52(Upc3r)-.26(SSTpcl)
-.70(nwiP)+.48(swaSST) [-seaSST]
-.50(Ppc2r)+.35(Upclr)-.40(Vpclr)
+.66(wiOLR)-.34(QBO)
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Notes on models:
• except for PC predictors: 1* letter is area, 2nd letter is ocean, 3rd letter is parameter,
• adj r fit = reduced by 'penalty* applied for large predictor pool (-16), short training
period (-12) and predictors in model (-4),
. 'new' = Mpeta + Philipps PCA 66-95 = 30yr, training period '39' = 59-98, '22' = 72-
93, * 19'= 79-98,
• models are retained that achieve > 20% adj r2 fit, co-linear predictors are screened out,
• 'old* = 40 predictors, 'blank' = 18 key-area predictors, 'new' = 20PC predictors

Notes on Predictor Areas:

angSST-V-P=13S-3N,3W-13E, atlw2=200u, 5N-10S,40W-0
caU=5N-10S,60-20W; naSST=7-23N, 18-42W;
seaSST=13S-3N,13W-HE; swaSST=30-45S,60-30W,
niV-nwiP=5-15N,45-80E; ciEvap= 1 OS-10N,6O-85E
wiU-P-OLR=5N-10S,40-6OE; ciSST=lON-15S,50-80E
eiP=10N-15S,80-95E; eiU-V=3N-10S,80-100E; swiSST=20-35S,45-65E
SSTpcl =( 1 ON-10S,60-90E)+(20N-10S.50-10W); Ppc2r =0-25N,70-100E
Upc 1 r = 10-20N,60-10 W; Upc3=( 10-20S,40-10 W)+( 10-20 S,50-80E)
Upc3r=10-30S,40W-0; Vpclr=10-40S,20W-10E; Temp=16-28S,22-34E
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Chapter 8 - Summary and recommendations - advances in predictability
of southern African climate

This project has formulated statistial models to predict, 3 - 6 months in advance, the
variability of southern African climate and water resources. The project has built on past efforts
and drawn ideas from graduate students and collaborating scientists, to provide southern African
water and resource managers with optimum statistical forecasts via internet website:
< www.lstweather.com/forecasts/cip_seasonal_outlook.shtml > to anticipate shifts in climate.
The uptake of this predictive information could reduce economic risks by over $1 billion per
annum in South Africa. However, a predictive benefit is not so easy to achieve, given that losses
from missed forecasts are twice the gains from correct ones.

In the inital stage of the project, efforts were placed on extending the results of earlier
work, using the same predictors and new hydrological target data. Predictive models were
formulated for a number of southern African water resources:

Target Algorithm r2 fit
Midmar +.44(aVang)+.37(oNiV)-.73(oAtlw) = 64
Pongo -.76(aWip)+.25(aMaurV) = 61
Vaal -.71(oSIp)-.29(aEIu)+.26(aWCI-AbP) =52
Gariep +.39(aVang)-.78(oSIp)-.45(oSocnS) = 71
Hartebees -.41(aEIv)-.43(aCIst)+.44(aWCI-AbP) = 46
Zambezi -.44(aArBst)-.49(oAtlW)+.73(oATpc2) = 73

In one of the studies performed in 1998, hydrological anomalies over Africa were
assessed using annual flow data for the Nile, Niger, Congo, Senegal, Zambezi, and Orange
Rivers; and Lakes Victoria and Malawi. Significant correlations were uncovered between the
various rivers hence it was concluded that drought and flood events are widespread across Africa.
A composite analysis of years with high and low flow, determined a sensitivity to coupling
between the zonal circulation over the tropical Atlantic and ENSO phase.

In studies developed through an exchange visit of Belgian scientist Jean-Luc Melice,
scale-interactions in intra-seasonal to decadal climate variability were investigated using the
continuous wavelet transform (CWT) technique applied to two long-term data sets: the Nile
River flow and Durban rainfall. For Durban rainfall the annual cycle accounts for 33% of
variance, whilst inter-annual fluctuations explain 10%, mainly focused on 2.3 and 4 year bands.
Associations between these data sets and the Pacific pressure index of El Nino (SOI) and the
Atlantic SST (N-S) dipole were uncovered and again demonstrate the widespread nature of inter-
annual forcing over Africa.

In a study performed by senior student S.E. Nkosi, it was demonstrated that summer
rainfall over SE Africa increases when easterly flow is present off northern Madagascar in the
tropical Indian Ocean. The composite analysis of wet and dry years reveals deep easterly flow
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differences in the band 5° - 20°S. Convection is reduced over the South Indian Ocean (0 - 30°S,
60° - 110°E) whilst increased over SE Africa. SSTs increase southeast of Madagascar in the
latitude band 25° - 35°S and couple with an anticyclonic circulation, which transfers moisture
westward to SE Africa. SST in the tropics are below normal, hence the poleward thermal
gradient is reduced and the associated subtropical jet stream shifts polewards to 40°S during wet
years.

The study of drought over southern Africa by N. Mwafulirwa revealed a meandering of
the sub-tropical jet stream around a standing rossby wave with a ridge on 20°E and trough on
55°E. The structure is such that equatorward flow and subsidence is produced over southern
Africa. In the study by M. Gwazantini, variations in key water resources in tropical southern
Africa were analysed. Wet years were examined and found to be characterised by an influx of
moist monsoonal air from the NE, a zonal overturning cell connected to the tropical south
Atlantic, and a subtropical trough over Mozambique. Predictor indices were extracted from
environmental fields exhibiting precursor signals at one season lead-time. An outcome was the
development of predictive models to forecast changes in the inflow to water resources of
southern Africa.

A study initiated by the project leader in 2000 led to an in-depth analysis of monsoons
around Africa as predictors of rainfall. For southern African rainfall, SST differences between
the southwest and central-west Indian Ocean and the rotational component of monsoon flow in
the central Indian Ocean (which controls ocean dynamics) play significant roles. For east African
rainfall, the surface zonal wind in the east equatorial Indian Ocean is a key determinant. Westerly
(easterly) winds in the east Indian Ocean favor rainfall in southern (east) Africa, and serve to
indicate the strength of the zonal direct circulation and the east-west SST gradient. The findings
provide support for the use of monsoon indices in predictive models for African rainfall at two-
season lead-time. Recognizing that our knowledge of ocean-atmosphere coupling around Africa
is limited, it is suggested that greater in-situ measurements be gathered as part of GOOS and
CLIVAR activities.

In the comprehensive PhD study of senior student E. Mpeta, a principal component
analysis of low-resolution African rainfall and temperature, and Atlantic and Indian Ocean SST,
SLP, U and V wind was done. Five regional targets and 20 predictors were formulated and
models were developed over a 30 year training period, yielding the following results:

Target Most Significant Predictors Fit (1^%)
Rain pel U pc2r + SLP pc3 20
Africa south eq. E. Indian zonal wind +
of Zambezi N-S dipole of press, in Atlantic

Temp pel SST pel + 1 other 70
Zambezi region central Indian/eq. W. Atlantic SST

The models are based on continuous time series, filtered with CWT to isolate variability
in the 1.5 - 9 year band. The southern African temperature has a high explained variance
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contributed by SST varying in-phase in the west Atlantic and west Indian Oceans. When the time
series is detrended, some predictability is Most'. The work demonstrates that dipole (or two-area)
predictors have considerable value. Of the key area predictors for southern African rainfall: at
zero lag the dipole in SST between the SW Indian Ocean and the western tropical Indian Ocean
provides a high degree of predictability. At six month lead time the east Indian Ocean zonal wind
is a useful lead-time indicator of southern African rainfall.

Using a high resolution rainfall data set, the project leader interacted with German
scientists to produce an optimum regionalisation of African rainfall. Rotated principal
component solutions were calculated for a varying number of PC modes from 10 to 24. Cross-
correlations were computed between the consequent area-indices. The correlation function
displayed an inflection point at a 15-mode solution, providing a guide to the size of areas used
for the training of predictive models. With a consoldiated set of predictors and new targets,
multi-variate models were formulated using the step-wise insertion and co-linearity screening
procedures outlined earlier. The deflated hindcast fit quoted below is consistent with the tercile
hit-rate from objective validation. The models that can be used to provide forecasts by October
for rainfall departures in the following summer are:

Nov-Mar Rain Multivariate algorithm adj r2 fit
E South Africa -.63(wiU)+.34(naSST)-.30(eiP) 33
E South Africa -.44(wiU)+.38(naSST)-.28(atlw2) 28
E South Africa +.45(angSST)-.53(ciSST)+.49(niV) 32
W South Africa +.29(ciEvap)-.55(eiP)+.38(swiSST) 32
W South Africa +.30(seaSST)+.49(eiU)+.32(QBO30) 35
W South Africa -.69(atlw2)-.46(eiV) 33

Statistical theory would have us completely eliminate co-linearities within these models.
However, using indices of the coupled ocean - atmosphere system as predictors it is
advantageous to preserve the associations. Providing these conspire and yield cumlative impacts
(eg. model coefficients are consistent with correlation), model performance may be optimal.
Whilst this WRC project has enabled the implementation of a variety of models to predict
fluctuations of southern African climate and water resources, further work should seek to
separate the spectral components of the climate system into discrete bands. Some preliminary
results of this work, in collaboration with W. White, are given in fig 8-1 below. The
underpinning research should consider 'slow' wave patterns that propagate zonally in the
atmosphere and ocean basins, an example of which is shown in fig 8-2.
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Observed S. Africa PCP Index
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Fig 8-1 Various spectral bands within southern African rainfall over the past 100 years (from
White, Scripps, 2001).
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Fig 8-2 Composite rossby wave pattern plotted in hovmoller fashion for a sequence of 12
(dipole) events over the period 1958-98, based on heat content anomalies (thermocline depth) in
the Indian Ocean along 10S. The y-axis represents time where each phase is about one season; x-
axis is longitude. A full cycle is completed (on average) every 3.8 years. The results indicate a
slow moving 'wave' shifting westward at 0.1 m s"1 in a predictable manner (from Huang pers
comm.).



Other related WRC reports available:

Space-Time modelling of rainfall using the string of beads model: Integration
of radar and rain-gauge data

AN Clothier & GGS Pegram

The String of Beads model is a stochastic rainfall model based on the combined observations
of a large network of daily rain-gauges and an S-band weather radar situated near Bethlehem,
South Africa. The model draws on the ideas and observations of many other rainfall modellers
(mentioned at appropriate places in the report) to form an efficient means of simulating rainfall
over a wide range of spatial and temporal scales.
The most successfully aim was the sharing of the strengths and simplicity of the String of Beads
model (SBM) with the Hydrological, in particular, the international community. In principle, the
model can be adapted to varying topography and these ideas are under further development.
One of the unexpected successes of the model is that it can be used for short-term rainfall
forecasting - more about this later in the summary - so although there is more to do in improving
the calibration, there are already practical spin-offs which will bear fruit from this research contract.

Report Number: 1010/1/02 ISBN: 1 86845 835 0

Modelling extreme rainfall over Southern Africa

AM Joubert, SJ Crimp and SJ Mason

For sound planning and adequate warning, early recognition of conditions which give rise to heavy
rainfall occurrences is vitally important. This project investigated the modelling of extreme rainfall
over a range of temporal and spatial scales in Southern Africa. Firstly, with the help of the well-
known CSU RAMS mesoscale model and the Wits University CRG kinematic trajectory model,
new insight was gained into moisture sources and transport associated with widespread heavy
rainfall periods such as the one which affected almost the entire summer rainfall region of South
Africa in February 1996. Secondly, the CRG trajectory model was used to investigate air mass
transport and moisture sources associated with tropical cyclone Demoina (January 1984), revealing
that the primary moisture source was highly localised and associated with the vortex itself. Thirdly,
in examining the difficulties experienced by some models in forecasting recent wet seasons, it
appeared that premature northward progression of the westerly winds during autumn, was being
simulated, resulting in too early an end to the rainfall season. Finally, a step towards overcoming
problems of poor spatial resolution in GCM usage for simulating rainfall variation at inter-annual
and climatological time scales, was taken with the successful nesting of the CSIRO limited area
model (DARLAM) within the CSIR09 GCM output.

Report Number: 805/1/99 ISBN 1 86845 488 6
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