{TERNATIONAL JOURNAL OF CLIMATOLOGY
t. J. Climatol. 20: 19-46 (2000)

ENSO SIGNALS IN EAST AFRICAN RAINFALL SEASONS

MATAYO INDEJE, FREDRICK H.M. SEMAZZI* and LABAN J. OGALLO

Department of Marine, Earth and Atmospheric Sciences, North Carolina State University, Raleigh, NC, USA
Department of Meteorology, University of Nairobi, Nairobi, Kenya

Received 3 April 1998
Revised 31 March 1999
Accepted 6 April 1999

ABSTRACT

he evolutions of ENSO modes in the seasonal rainfall patterns over East Africa are examined in this study. The
udy covers the period 1961-1990. Both rotated empirical orthogonal function (EOF) and simple correlation
1alyses were used to delineate a network of 136 stations over East Africa into homogeneous rainfall regions in order
» derive rainfall indices. Time series generated from the delineated regions were later used in the rainfall/ENSO
1alyses. Such analyses involved the development of composite rainfall map patterns for El Nifio and post-ENSO
+ 1) years in order to investigate the associations between seasonal evolution of El Nifio—Southern Oscillation
INSO) signals and the space-time evolution of rainfall anomalies over the region.

Analyses based on both EOF and simple correlation techniques yielded eight homogeneous rainfall regions over
ast Africa. The results showed unique seasonal evolution patterns in rainfall during the different phases of the
NSO cycles. East African rainfall performance characteristics were stratified to identify distinct rainfall anomaly
itterns associated with ENSO and post-ENSO (+ 1) years. These can be applied in conjunction with skilful long
ad (up to 12 months) ENSO prediction to provide guidance on likely patterns of seasonal rainfall anomalies over
ie region. Such information can be crucial for early warning of socio-economic disasters associated with extreme
infall anomalies over East Africa. Copyright*© 2000 Royal Meteorological Society.
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1. INTRODUCTION

ainfall is the climatic factor of maximum significance for the East African countries, with extreme
ccurrences resulting in droughts and floods, which are often associated with food, energy and water
10rtages, loss of life and property, and many other socio-economic disruptions. The economies of East
frican countries largely depend on agriculture, which is highly vulnerable to the amounts and
istribution of rainfall. The efforts to achieve food security in most parts of the African continent
icluding East Africa have long been hampered by civil wars, political volatility, worsening conditions of
iternational trade, rapid population growth, floods and drought. Floods and droughts are natural events,
hich cannot be controlled. However, in East ‘Africa, like some other parts of the world including India
nd South Africa (Dyer, 1981), there are prospects for out-of-season rainfall compensation of the deficit
»nditions. Accurate seasonal to inter-annual climate monitoring and forecasting could therefore con-
ibute to improved planning and the management of climate sensitive activities, involving agricultural
nd water resources, hydroelectric power supply and tourism, among others. There are other factors such
s fires, spread of diseases etc., which are linked to climate variability, some of which have been discussed
y Glantz (1974).

Several attempts have been made to study the spatial and temporal variability of rainfall in East Africa
Rodhe and Virji, 1976; Ogallo, 1983, 1988; Barring, 1988; Beltrando, 1990; Nyenzi, 1990; Nicholson,
996). Rodhe and Virji (1976) analysed the trends and periodicity for annual rainfall over East Africa.-
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Spectral analysis of the time series revealed major peaks centred on 2-2.5, 3.5 and 5.6 years. Ogallo
(1980) and Ogallo er al. (1994) have shown the existence of three major peaks, centred on the
Quasi-Biennial Oscillation (QBO) of 2.5-3.7 years, El Nifio—Southern Oscillation (ENSO) of 4.8—6 years
and the sunspot cycle of 10—12.5 years. Nicholson and Nyenzi (1990) and Nicholson (1996) observed a-
strong quasi-periodic fluctuation in the East African with a time scale of 5-6 years corresponding to the
ENSO and sea surface temperature (SST) fluctuations in the equatorial Indian and Atlantic Oceans.

Several studies have used principal component analysis techniques to examine the temporal and spatial
variability of rainfall in East Africa (Atwoki, 1975; Ogallo, 1980, 1983, 1988, 1989; Barring, 1988; Nyenzi,
1990; Semazzi et al., 1996). Ogallo (1989) investigated rainfall variability using the rotated principal
component analysis (RPCA) method, to characterize the seasonal rainfall over East Africa for the period
1922-1983. The results showed seasonal shifts in the patterns of the dominant RPCA modes that were
similar to the seasonal migration of the rainfall patterns associated with the Inter-tropical Convergence
Zone (ITCZ). The first two eigenvectors, which generally represent the dominant wet and dry episodes,
accounted for a maximum of 58% of the variance. Recent singular value decomposition (SVD) work by
Semazzi and Indeje (1999) has identified the bipolar nature of rainfall over southern and eastern Africa.
There is at least the implication of a pattern with wave-like features that travel northwards from southern
Africa to eastern Africa and the migration of the ENSO-related rainfall anomalies across the entire
continent of Africa during the annual cycle.

The ENSO phenomena is known to be a fundamental and quasi-periodic feature of the ocean-
atmosphere system, with periodicities ranging from seasonal to about 8 years (Rasmusson and Carpenter,
1983; Halpert and Ropelewski, 1992). Some extreme rainfall anomalies in East Africa have been
associated with ENSO (Ropelewski and Halpert, 1987; Janowiak, 1988; Ogallo, 1988, among others).
Ropelewski and Halpert (1987) in their study of the relationship between global rainfall and the Southern
Oscillation Index (SOI), concluded that, although the statistical association between rainfall over East
Africa and the SOI was weak, there was a high probability of abnormally wet conditions in the region
during El Nifio years. The 1997-1998 ENSO event associated with catastrophic disruption of socio-eco-
nomic infrastructure and loss of life in East Africa appears to give further support to this notion. Ogallo
(1988) observed significant teleconnections between the SOI and seasonal rainfall over parts of East
Africa, especially during the northern hemisphere autumn and summer seasons, with the strongest
relationships being observed along the Kenyan coast in autumn. Janowiak (1988) showed evidence of
association between rainfall anomalies during the austral summer over eastern and southeastern Africa
and both the warm (El Nifio) and cold (La Nifia) phases of ENSO events. The high skill in predicting
ENSO phases up to a year in advance (Cane et al., 1986) suggests high prospects of successful applications
of ENSO forecasts to seasonal climate prediction in East Africa. ENSO explains about 50% of the East
African rainfall variance (Ogallo, 1988), with other factors explaining the remaining variance. Sustainable
development in East Africa could benefit significantly from these recent advances in the prediction of
short-term climate variability.

A considerable amount of research work has been done in the East African region to explore
rainfall ENSO relationships. Relatively less attention has been directed to the investigation of the effects
of ENSO on rainfall in different sub-regions of East Africa. The objective of this study is to identify for
the sub-regions of East Africa aspects of rainfall variability which are associated with ENSO. First, we
perform cluster analysis on data for the East African rainfall stations network, using both the EOF and
simple correlation analysis to identify homogeneous regions of climate variability. Then we investigate the
teleconnections between East African seasonal rainfall and ENSO to find seasons and regions that are
wet/dry during the El Nifio onset and post-ENSO (+ 1) years. The analysis is based on performing
composite rainfall map patterns corresponding to the timing of the ENSO onset and post-ENSO (+ 1)
years to delineate regions that are wet/dry during these episodes, thus providing geographically detailed
information on the climatic risks to be expected when ENSO phenomena occur. The area of study covers
three countries (Kenya, Uganda and Tanzania) which are within the drought monitoring project for East,
Central and Southern Africa. The region is enclosed by latitudes 5°N—12°S and longitudes 29°E—42°E
(Figure 1(a)). The seasonal rainfall patterns in East Africa are controlled by the seasonal migration of the
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T'CZ. The complex topographical patterns, the existence of large lakes, variations in vegetation type and
ind—ocean contrasts give rise to high spatial and temporal variation in precipitation over the region.
)ther factors known to influence precipitation over East Africa include tropical storms, easterly waves,
't streams, the continental low-level trough, and extra-tropical weather systems (Ogallo, 1989). The data
sed in this study and methodology are presented in section 2. The results are discussed in section 3 and
1e conclusions in the section 4.

2. DATA AND METHODS

he data used in this study consist of rainfall records for 136 stations scattered over East Africa (Figure
‘a)). Figure 1(b) shows the delineated homogeneous rainfall regions over East Africa described in the
1b-section 3.1. The initial data consist of monthly rainfall totals for the period 1961-1990. The rainfall
onthly anomalies were computed by subtracting the monthly climatological means based on the
761-1990 climatology from the values, and normalized by dividing each record by the corresponding
onthly standard deviation. The rainfall data were initially subjected to statistical quality control. Using
>th the empirical orthogonal function (EOF) analysis method and simple correlation analysis, the 136
infall stations were grouped into homogeneous regions. EOF and simple correlation analyses were
rther used to identify stations most representative of each region. These were then averaged to give a
infall index representative of each of the delineated regions. Linkages between the observed rainfall
1omalies in East Africa and different phases of ENSO were investigated, and seasonal rainfall patterns
sociated with the various ENSO evolution cycles identified. Analysis of the composite map patterns for
onthly and seasonal rainfall for both ENSO onset and post-ENSO (+ 1) years were based on the
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ure 1. (a) Network of rainfall stations used in this study. (b) The eight homogeneous rainfall grouping over East Africa obtained
from combined EOF and simple correlation analyses
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delineated homogeneous rainfall regions. Composite rainfall map patterns for ENSO onset and post-
ENSO (+ 1) years were generated to delineate regions within East Africa that are wet/dry during these
episodes. The November—December—January Nifio3 Central Pacific Ocean sea-surface temperature
anomaly index was employed to identify the years coinciding/following warm ENSO events during the
period 1961-1990. Based on this analysis, warm ENSO events occurred in 1963, 1965, 1968, 1969, 1972,
1976, 1982, 1986, and 1987 (Figure 8). This classification in ENSO years is consistent with those identified
earlier (Rasmusson and Carpenter, 1983; Wang, 1984; Nicholson, 1996). The years 1964, 1966, 1970,
1973, 1977, 1983, and 1988 were stratified into the post-ENSO ( + 1) /rainfall composites. The 1982 warm
ENSO stands out as the strongest event observed during the period of study. Further analyses were
carried out to determine possible shifts in the rainfall seasons in each of the homogeneous rainfall
sub-regions of East Africa.

2.1. Spatial clustering of the East African rainfall observations network

Seasonal rainfall patterns over East Africa are very complex due to the existence of complex
topography and large inland water bodies. Examples of seasonal rainfall variations for selected regions
are shown in Figure 3, for Mubende (central Uganda), Mondo (southwestern Tanzania), Majimazuri
(central Kenya) and Mombasa (coastal Kenya). Significant geographical variations have also been
observed in ENSO signals over East Africa (Ogallo, 1988), which suggest the need to adopt different
empirical models for seasonal climate predictions over different parts of East Africa. Reduction of
regional data and delineation of homogeneous regions is therefore necessary for future development of
empirical rainfall forecasting models for the region. Regionalization and averaging of rainfall over large
but homogeneous regions have the advantages of reducing meteorological noise in the data as well as
minimizing the number of variables which describe the regional climate variability. The homogeneous
rainfall regions could also be used in the verification of the numerical climate model runs over the East
African region (Sun et al., 1999a,b). The statistical techniques employed in this study will not only
delineate homogeneous rainfall regions over East Africa but will also identify stations most representative
of each sub-region.

EOF analysis and simple correlation were used to delineate homogeneous climate regions in East Africa
using annual rainfall data. The method used in this analysis is a modified version of the technique
employed by Ogallo (1988) and similar to the one adopted by Dyer (1977). EOF analysis enables fields
of highly correlated data to be represented adequately by a small number of orthogonal functions and
corresponding orthogonal time coefficients, which account for much of the variance in their spatial and
temporal variability. Kutzbach (1967) provides a lucid outline of the mathematical procedure necessary to
define the functions and their time coefficients. There are a number of examples of applications of EOF
analysis to meteorological fields (Tremberth, 1974; Barnett and Davies, 1975; Weare et al., 1975; Dyer,
1977; Richman, 1981; Semazzi et al., 1996). Rotation of EOF has the effect of redistributing the variance
within the eigenvectors and therefore removing the ambiguities while conserving the variance extracted by
the selected subset of non-rotated eigenvectors. Various methods of determining the number of significant
EOF modes to retain for rotation have been discussed (Kraiser, 1959; Anderson, 1963; North ez al., 1982;
Overland and Preisendorfer, 1982). North et al. (1982) have suggested the use of sampling errors in
determining the number of significant eigenvectors. The sampling error test is based on comparison of
sampling errors for the eigenvalues and the amount of separation from the neighbouring eigenvectors. If
the sampling errors in the eigenvalues are comparable to the distance from the nearby eigenvalue, then the
sampling errors in the EOF will be comparable to the nearby EOF. In our analysis we adopted the criteria
of Kraiser (1959) and North et al. (1982) in determining the number of dominant EOF modes to be
retained and rotated. Delineation of a homogeneous area was accomplished by identifying the stations
with the largest correlation with the principle component (PC) time series associated with the first
eigenvector of the annual rainfall anomaly. Each PC time series obtained from EOF analysis was
correlated with the stations’ rainfall data and areas that correlated significantly exceeding 0.6 correlation
coefficient (at 5% level), were identified. These stations were retained and used to delineate the
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orresponding region. Stations were then annotated on the map according to the eigenvectors to which
hey were most strongly related. The procedure was repeated for the remaining stations until all the
ainfall stations were assigned to a region. For stations retained through this process in each sub-
egion EOF analysis was performed again and the important PC time series were correlated with the
tations within that region. The stations with correlation coefficients less than 0.6 with the dominant
'C were rejected in this iterative process. This procedure was repeated until all the stations in each
ub-region had a correlation of 0.6 or more with the first PC at the last iteration. The remaining
tations were then averaged to obtain a regionally representative rainfall time series for use in the
NSO/rainfall analysis (section 3.4). This method has proved to be satisfactory with precipitation
'hich is a difficult weather parameter to estimate and should therefore be of value when analysing
nother parameter like wind (Dyer, 1977).

3. RESULTS

he results obtained from this study are discussed in the following sub-sections. In the sub-section 3.1
¢ discuss the mean rainfall patterns over East Africa. In the sub-section 3.2, clustering of East
frican rainfall into homogeneous regions and results obtained from the EOF analysis are discussed.
1 the sub-sections 3.3. and 3.4, we present the results obtained from the composite rainfall map
atterns for ENSO onset and post-ENSO (+ 1) years, and the ENSO modulated seasonal shifts in the
:gional rainfall, respectively.

1. Mean rainfall patterns

Figure 2 shows long-term mean annual rainfall over East Africa based on 1961-1990 climatology.
n average more than 800 mm of annual rainfall are observed over areas bordering Lake Victoria to
ie west, and the Indian ocean to the east. The highlands of central Kenya and southern Tanzania,
uch of Uganda and western Tanzania also receive rainfall of more than 800 mm, with the northern
1d eastern parts of Kenya and east central Tanzania, which are semi-arid, receiving less. East Africa
thibits high seasonal rainfall variability ranging from unimodal, bimodal and trimodal rainfall distri-
1tions, as shown in Figure 3 which displays some examples of the annual cycle for rainfall over East
frica from four stations in four different homogeneous regions. Four rainfall seasons were chosen for
e further analyses; January—February (JF), the ‘long rains’ of March—May (MAM), June—September
JAS) and, the ‘short rains’ of October—December (OND). Figure 4 displays the spatial patterns of
e mean seasonal rainfall over East Africa based on the four chosen rainfall seasons. In the JF
ason, the rainfall is concentrated over the lake regions and most parts of Tanzania. This seasonal
infall is associated with the extreme southward location of the ITCZ and partly with moisture influx
om the Indian ocean. About 42% of the total regional annual rainfall is observed during MAM
infall season, with the highest intensity observed near the water bodies of the Indian ocean, Lake
ictoria and the East African highlands. During this season only weak correlation has been found
itween rainfall time series at different stations (Ogallo, 1980, 1983; Beltrando, 1990; Nyenzi 1990)
:cause of the large spatial rainfall variability. The high rainfall variability suggests dominance of
cal factors rather than large-scale factors in the modulation of rainfall patterns during this season.
1e JJAS rainfall season which accounts for about 15% of the total regional annual rainfall is
nfined to the western highlands of Kenya, the coastal areas and most parts of Uganda. The OND
infall season contributes about 25% of the total regional annual rainfall and is well distributed in
e whole of East African region. Earlier researchers (Ogallo, 1983; Beltrando, 1990; Nyenzi, 1990;
icholson, 1996) have found significant station to station correlation and seasonal rainfall to annual
infall correlations during this season. The dominance of large-scale weather systems may be respon-
Jle for the spatial homogeneity of rainfall during this season.

pyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 19-46 (2000)
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Figure 2. Long-term mean annual climatological rainfall over East Africa (1961-1990). Units are mm

3.2. Clustering East African rainfall stations into homogeneous regions

Based on the criteria used by North ez al. (1982) a maximum of three EOF modes were found to be
distinctly above the noise level for the MAM and OND rainfall seasons. The Monte Carlo significance
test described by Overland and Preisendorfer (1982) suggested that two of the three modes are significant
at the 5% level. Hence, the third mode may not be statistically significant. However, using Kraiser (1959)
sampling techniques, up to four EOF modes had eigenvalues greater than unity and could hence be
retained for rotation. The four EOF rainfall modes identified by Kraiser’s method explain more that 70%
of the total variance and are more representative of the regional seasonal rainfall than the first two modes
identified using the North ez al. criteria. Up to a maximum of 12 modes were above the noise level for
the annual rainfall and accounted for more than 75% of the total rainfall variance. Figures 5 and 6 display
the contour patterns of the first and second rotated eigenvectors for the seasonal rainfall anomalies for
the MAM and OND seasons. Figure 7 shows the corresponding rotated EOF modes for annual rainfall.
The spatial patterns of the first component of the rotated EOF modes for the MAM and OND rainfall
seasons are shown in Figures 5(a) and 6(a). This pattern accounts for 24.6 and 52.7% of the total variance
for the two rainfall seasons respectively. The first EOF mode is in phase throughout the analysis and most
of the eigenvector coefficients are negative for the MAM season (Figure 5(a)) and positive for the OND
season (Figure 6(a)). The highest values are concentrated over the East African highlands extending to the
east to cover the coastal areas of the Indian Ocean. The principal mode (in phase everywhere) is
comparable to the flow patterns over the region (Ogallo, 1989). The dominant mode is related to the
migration of the ITCZ, which is mainly responsible for seasonal rainfall in the region. The low variance
explained by the first EOF mode for the MAM rainfall as compared to that of OND rainfall season,
suggests that factors other than global teleconnections play an important role in modulating the ITCZ.
The first EOF mode of the OND rainfall season display an east/west dipole pattern with more weight
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ntred over the East African highlands extending south to cover parts of Tanzania and the East African
vast. The spatial pattern of the first EOF rainfall mode is well distributed over the domain and since this
ode explains more that 50% of the rainfall variance, confirms the fact that rainfall during this season
spatially well correlated over East Africa. The east/west orientation of the first EOF mode during this
infall season also suggests that the short rains are more influenced by the east/west oscillating
eridional component of the ITCZ. Similarly, the long rains (MAM) are more influenced by the
rth/south movement of the zonal arm of the ITCZ in the region and other weather systems such as the
eso-scale systems, interactions between extra-tropical and tropical weather systems among others
)gallo, 1989; Beltrando, 1990).

The spatial patterns of the second EOF rainfall components are given in Figures 5(b) and 6(b). They
e associated with the intra-seasonal rainfall variability. These patterns account for 10.8 and 6.1% of the
infall variance for the MAM and OND rainfall seasons, respectively. The MAM coefficients over the
stern parts of the East African highlands and western parts of the Lake Victoria regions, and those of
e western parts of the East African highlands, are of opposite signs (Figure 5(b)). This component
presents a compensatory system. In those years where the intra-seasonal rainfall exhibits large positive
omalies over the western highlands, below normal rainfall anomalies are observed over the eastern
ghlands and the western parts of the Lake Victoria basin. The converse is also true since the reference
r signs of the coefficients are arbitrary. These conditions may be linked to the intra-seasonal variability
rainfall over the region which is controlled by the interactions between the large-scale easterly flow and
¢ coupling between the Lake Victoria land/lake breeze and the eastern Africa highlands-induced
islope/downslope diurnal mesoscale circulation systems. Both observational studies (Alusa, 1976;
snani and Kinuthia, 1979) and numerical studies (Okeyo, 1986; Mukabana and Pielke, 1996; Indeje and
1yamba, 1998) have associated the observed afternoon hail and thunderstorm activities over the western
rts of the Kenya highlands to the interactions between the prevailing easterly flow and the diurnal
sso-scale circulations in the region. The eastern parts of the Kenya highlands and the western parts of
> Lake Victoria basin are observed to receive most of the rainfall during the morning hours. The
Taence of a westerly moist unstable airmass is also responsible for the intense convection over the
:nya highlands (Vincent et al., 1979).
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Figure 3. Examples of mean seasonal patterns of rainfall for some selected stations over East Africa
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Figure 4. The spatial patterns of the mean seasonal rainfall East Africa. Units are mm
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During the OND rainfall season, the second rainfall EOF mode displays a north/south dipole pattern.
This pattern shows that whenever negative rainfall anomalies occur over the southern parts of East
Africa, positive rainfall anomalies are experienced over the northern parts the region and vice versa. This
configuration may be linked to an ENSO/rainfall dipole pattern (Semazzi and Indeje, 1999) which is
highly significant during the OND rainfall season.

The spatial patterns of the first rotated EOF mode for annual rainfall (Figure 7(a)) indicate some
concentration of high positive scores over the coastal hinterland of Kenya. The second mode (Figure
7(b)), shows a shift in the high positive scores from the coastal region to the central areas of Kenya. These
patterns indicate some likelihood of homogeneous rainfall regions over the coastal areas of East Africa
and central Kenya. The principle component score time series provide insight concerning the strength of
the EOF patterns over time. Strong amplitudes greater than one standard deviation are observed mainly
in the first mode during OND and MAM rainfall seasons (Figures not shown). An extreme score of
greater than five standard deviations was observed during the OND season of 1961. This rainfall anomaly
event, as indicated by earlier researchers, was associated with the anomalous flow patterns emanating
from an unusually warm pool of air over the Indian Ocean (Anyamba, 1984; Reverdin et al., 1986). High
positive scores in the first EOF mode were also observed during the years 1963, 1967, 1972, 1977, 1978,
1982 and 1989 during the OND rainfall season. Similarly, during the MAM season, the years 1963, 1967,
1968, 1970, 1977, 1978, 1981, 1985, 1986, 1988 and 1990 displayed low negative scores of less than minus
one of the standard deviation, while the years 1961, 1965, 1969, 1971-1973, 1976, 1983-1984 and 1986
displayed high positive scores.

In this study we use annual rainfall anomalies obtained from the mean monthly anomalies in the cluster
analysis. Thus, we eliminate the seasonal dependence of the obtained homogeneous rainfall regions over
East Africa. It should be noted that Lake Victoria, and southern and western Tanzania, would have more
complex spatial rainfall modes during the main rainfall season of March—May (see Figure 5(a)) due to the
influence of the complex regional physical features. A further objective was to compare evolutions of
ENSO in space and time over homogeneous rainfall regions over East Africa. Hence, the clustered rainfall
regions were retained throughout the remaining analyses to enable equal weights to be given to areal
rainfall over the different sub-regions of East Africa. The derived EOF rainfall patterns from the annual
rainfall anomaly fields (Figure 7) do not give a complete picture of the homogeneous rainfall stations in
the region. After correlating the principal components time series and station rainfall time series, eight
homogeneous regions were delineated over East Africa: (I) coastal areas of Kenya and Tanzania; (II)
eastern highlands of Kenya and Tanzania; (III) central Rift Valley of Kenya; (IV) western highlands of
Kenya, northwestern Kenya and northeastern Uganda; (V) central and southern Tanzania; (VI) Lake
Victoria region; (VII) central and western Uganda; and (VIII) west of Lake Victoria (Figure 1(b)). The
resulting map shows the grouping of stations according to the importance of each eigenvector. The
importance of each eigenvector is confined to one specific area of the East African region. In general, the
eight regional groupings are similar to the ones constructed by Ogallo (1989). Farmer (1988) found that
rainfall over the coastal areas of Kenya (Region I) were highly correlated and could be averaged to form
a single rainfall index. Davies et al. (1985) analysed rainfall over central Kenya (Region III) and found
it to be homogeneous, having a rainfall peak during August when, apart from parts of Uganda, most
other parts of East Africa are dry. Eight rainfall time series were constructed corresponding to the
sub-regions to be used in the analysis of ENSO/rainfall modulation.

3.3. Composite rainfall map patterns for the ENSO (0) and post-ENSO (+ 1) onset years

Based on the 30-year ENSO and post-ENSO ( + 1) rainfall composites, years with normalized rainfall
departures greater than + 0.2 of the standard deviation were classified as wet rainfall composites, and
years with rainfall anomalies less than — 0.2 of the standard deviations as dry rainfall composites. The
significance of each of these composites was determined by using a variant of the standard z-test, which
takes into consideration samples with equal variances (Wagner and da Silva, 1994). During the period
1961-1990, there were nine warm El Nifio (0) episodes, seven post-ENSO (+ 1) years and 15 normal
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Time Series of Nino3 Mean SST Anomaly for Nov-Dec-January (1961-90)
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d Phillips and Mclntyre (1999).

[n order to have better understanding of the seasonal mean patterns and the intra-seasonal variability
the rainfall composites, both the mean seasonal and monthly anomaly stratification patterns were
alysed. The seasonal rainfall composite map patterns for ENSO onset years (Figure 9), show above
rmal rainfall conditions over the coastal areas of Kenya and Tanzania (Region I) during MAM.
mificantly below normal rainfall is observed over the northern areas of Kenya and Uganda during both
: boreal winter and summer seasons. Most parts of East Africa receive normal to above normal rainfall
ring the ‘short rains’ season of October—December of the ENSO onset years (Figure 9(d)).

T'he monthly rainfall map index for the ENSO onset years (Figure 10) for March shows dry conditions
serienced in much of the northern parts of East Africa and the lake basin and a few areas over central
1 southern Tanzania, with the coastal region experiencing relatively wet conditions. During the month
April, dry conditions persist over the central Rift Valley of Kenya and northern Tanzania and
nificantly high rainfall is observed over the lake basin, central and western Uganda and the East
rican coast (Figure 10(b)). The results show an east/west dipole pattern in rainfall during the ENSO
set years. A similar pattern was shown by Ogallo (1988) using RPCA on seasonal rainfall patterns over
st Africa. During the month of May, wetter than normal rainfall conditions persist over coastal
ions, central Uganda and northern Tanzania while dryer than normal conditions are observed over the
e basin, the western highlands of Kenya and southern Tanzania (Figure 10(c)). Wetter than normal
iditions are experienced over most of East Africa during the month of June of the ENSO onset years.
summarise, during the ENSO onset years, wetter than normal conditions are to be expected over the
istal areas (Region I) and central Tanzania (Region V) during the ‘long rains’ season of March—May
1, dryer than normal conditions over central Kenya (Region III) and the northern parts of Uganda
ing the JJAS season. The results further show a tendency for the late onset of the March—May
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Figure 9. The composite map patterns for seasonal rainfall during the El Nifio onset years (loading x 100). The anomalies (20%
of the long-term standard deviation are significant at the 5% level. Negative significant anomalies are shaded
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ire 10. The composite map patterns for monthly rainfall during the El Nifio onset years (loading x 100). The anomalies (20%
of the long-term standard deviation are significant at the 5% level. Negative significant anomalies are shaded
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seasonal rainfall followed by an early cessation over most parts of the northern sector of East Africa
during the El Nifio onset years.

During the boreal summer period, maximum rainfall is expected over the central Rift Valley of Kenya
(Region IIT) and western highlands of Kenya, northwestern Kenya and northeastern Uganda (Ogallo,
1983; Davies et al., 1985). The rainfalENSO composite analysis for seasonal rainfall (Figure 9(c)) is
consistent with previous analyses and shows significantly dry conditions over the central Rift Valley, the
Lake Victoria basin, northeast Uganda and the western highlands of Kenya during the JJAS rainfall
season. Near normal rainfall conditions are observed over most other areas of East Africa. Suppression
of the seasonal rainfall peak during the June—September rainfall season may have severe impacts on the
soil moisture and agricultural production over the central Rift Valley of Kenya where wheat and barley
are widely grown by large-scale farmers. The July—September rainfall peak is as important to the farming
community as the ‘long rains’ of March—May and the ‘short rains’ of October—December (Davies et al.,
1985). The monthly ENSO/rainfall composite for this season (Figures not shown) shows persistent dry
conditions over these regions during the entire June—September rainfall season.

The ENSO/rainfall index for the months of September—December of the ENSO onset years are shown
in Figure 11. The Figure shows continuing dry conditions over the western highlands of Kenya and
northeastern Uganda, the central Rift Valley of Kenya, parts of the Lake Victoria basin and parts of
central Tanzania during September. Wetter than normal rainfall conditions are experienced over north-
eastern Kenya and parts of northern Tanzania during this month. During October, most regions of East
Africa receive normal to above normal rainfall conditions with high rainfall observed over central
Tanzania. During November and December, wetter than normal rainfall conditions are experienced over
the eastern highlands, central Uganda, the lake basin and the coastal regions (Figure 11(c and d)). Dryer
than normal conditions are experienced over the southern parts of Tanzania and some parts of the East
African coast during this period. There is a sudden reduction of rainfall over the coastal areas during
December (Figure 11(d)), but wetter than normal conditions are still experienced over most parts of East
Africa. The sudden cessation of rainfall and switch from wet (November) to dry conditions in December
over the coastal area can have devastating impacts on the soil moisture and hence on agricultural
production in these areas. Farmer (1988) noted the importance of the ‘short rains’ of October—December
in maintaining fruit and vegetables over the coastal areas of Kenya. These results suggest that most areas
of East Africa are prone to relatively wet rainfall conditions during the October—December of the ENSO
onset years.

The seasonal rainfall composite maps for the post-ENSO (+ 1) years (Figure 12) indicate wet rainfall
conditions over most parts of East Africa during the JF rainfall season. The relatively wet conditions
during the ‘short rains’ of OND tend to extend to the following year and are mainly responsible for the
wet conditions observed during this season. Dry conditions are observed over southern Tanzania during
the MAM season (Figure 12(b)). The monthly ENSO/rainfall composite map patterns for the post-ENSO
(+ 1) years (Figure 13) show dry conditions in March over the western highlands of Kenya and southern
parts of the coastal region and wetter than normal conditions over central Tanzania, the eastern highlands
of Kenya, the lake basin and northwestern Uganda. During April, wetter than normal rainfall conditions
are observed over the Lake Victoria basin and some parts of northern Tanzania, and significantly dry
conditions over central and southern Tanzania and southern parts of the East African coast. Most areas
of East Africa receive significantly below normal rainfall conditions during May in the post-ENSO ( + 1)
years (Figure 13(c)) except for a few areas over the western highlands of Kenya, central Rift Valley of
Kenya and central Tanzania which receive near normal rainfall conditions. Near normal rainfall
conditions are received in most parts of East Africa during the month of June of the post-ENSO (+ 1)
years.

During the northern hemisphere summer season, wetter than normal rainfall conditions are experienced
over the western highlands and central Rift Valley of Kenya, and northeastern Uganda (Figure 12(c)) as
opposed to the extremely dry conditions observed during the ENSO onset years. These results suggest the
existence of a negative correlation between the June—September rainfall over these regions with ENSO.
Dry conditions are experienced over the Kenyan coast and parts of northern Tanzania during this season.
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Figure 11. Same as in Figure 10, but for different months
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Figure 12. Same as in Figure 9, but for post-ENSO (+ 1) years
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Since rainfall in this season is crucial for the farming community in the central Rift Valley, and western
highlands of Kenya, the lake basin and central Uganda, advanced knowledge of the expected timing and
performance of the rainfall season could be very important for agricultural and other socio-economic
planning in the region.

The East African region experiences the second passage of the ITCZ as it progresses from north to
south during the October—December period. Over most parts of East Africa, this rainfall season is
important to the farming community for maintaining cash crops such as tea, coffee and corn. This rainfall
season is also important in maintaining the growth of Savannah grasslands and shrubs over parts of the
eastern highlands of Kenya and northern Tanzania where wildlife animals in National Parks are a tourist
attraction. The results obtained from the post-ENSO (+ 1)/rainfall composite maps for this season
(Figure 12(d)) shows significantly dry conditions over the eastern highlands of Kenya, the Lake Victoria
basin, western Uganda and central Tanzania. The rainfall deficit creates unfavorable conditions for
grazing and for crop growth and development. Advanced knowledge of the timing and the expected
performance of this rainfall season could be of much benefit to the farming community for planning the
schedule of planting and crop rotation. The monthly rainfall composite map patterns (Figure 14) show
persistent dryer than normal rainfall conditions over East Africa during October to December, but there
is significantly high rainfall over the central Rift Valley of Kenya, the western highlands of Kenya and
northeastern Uganda, and the Lake Victoria basin during September (Figure 14(a)). Areas over the
eastern highlands of Kenya and the coastal areas of East Africa recover from the dry conditions in the
early part of the season during the wetter month of December (Figure 14(d)).

The earlier work by Ropelewski and Halpert (1987) showed a dipole ENSO/rainfall pattern over
eastern and southern Africa. Wetter than normal conditions were indicated over eastern Africa and drier
conditions over southern Africa during ENSO years. Whilst Nicholson (1996) indicated that there is a
tendency for rainfall to be above average for most parts of East Africa during ENSO years and for
drought to occur during the following year. One of the major results of the detailed inspection of the
rainfall anomaly patterns described here is to reveal a more complicated distribution of rainfall anomalies
over eastern Africa than the simple dipole cited earlier. Our results elaborate in detail the earlier
ENSO/rainfall work done over the region and are important for the long-range seasonal rainfall
monitoring and guidance in the East African region based on prior information of the expected ENSO
events. Once the onset of an El Nifio event is ascertained either by empirical or numerical prediction
techniques, then it will be possible to use the results obtained from our ENSO/rainfall composite maps to
monitor and provide guidance on the likely evolution of the rainfall anomaly patterns over different
regions of East Africa.

3.4. Observed shifts in the seasonal rainfall cycle induced by ENSO

The seasonal rainfall cycle for each of the eight regions of East Africa was analysed for mean
climatology, ENSO onset and post-ENSO ( + 1) years to detect shifts in the rainfall seasons between the
three groupings and to speculate on possible socio-economic impacts. It should be noted that besides the
modulation of rainfall due to ENSO, which accounts for about 50% of the East African seasonal rainfall
variance (Ogallo, 1988), there are other important factors which influence East African rainfall variability.
These include the Quasi-Biennial Oscillation (Ogallo et al., 1994) and the 30-60 day Julian—-Madden
tropical wave (Anyamba, 1990). Nicholson (1996) has noted that East African rainfall is clearly linked to
large-scale features of general circulation including sea-surface temperatures. Camberlin (1995) and Mutai
et al. (1998) have shown significant relationships between rainfall over East Africa and the atmospheric
flow patterns over the region. In this study we are confining our analysis to the association of ENSO with
the East African regional rainfall.

The mean seasonal pattern for the East African coastal areas (Region I) shows the expected bimodal
rainfall distribution with the rainfall peaks observed in April-May and November (Figure 15(a)). An
early onset of rainfall is shown during ENSO. The rainfall in April-May is greater than in normal years.
During the post-ENSO (+ 1) years there is a timely onset of the March—May rainfall season followed by

Copyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 19-46 (2000)



EAST AFRICAN RAINFALL AND ENSO 39

(a) September (+1)

(b) October (+1)

35€  36E 37 38 3% 40€

(c) November (+1)

41

426 4

36E 376 3BE  ISE 40

(d) December (+1)

35€  36E 7€ 38

42t

4

13

1055 326 3% ME 35€E 36 37E IBE  I9E 40E 41E 42 4

Figure 14. Same as in Figure 13, but for different months

pyright © 2000 Royal Meteorological Society

Int. J. Climatol. 20: 19-46 (2000)



40 M. INDEJE ET AL.

an early cessation. During the short rains of October to December in ENSO onset years, there is
significantly high rainfall with a peak in November well above the climatological mean. In post-ENSO
(+ 1) years, there is relatively poor performance of short-season rains and a shift in the rainfall maxima
to December instead of November as is usually expected. Early knowledge of seasonal performance and
any expected shift in the seasonal rainfall over these regions would be important for agricultural planning
of fruit and vegetables. Prolongation of both long and short rains during ENSO onset years can be
relatively important in maintaining soil moisture and therefore the performance of crops. On the other
hand, early cessation of the long rains during post-ENSO ( + 1) years and a shift in the rainfall maxima
from November to December would affect the different growing stages of crops and affect yield. Farmers
might benefit from late planting under such conditions, although other factors would have to be taken
into account.

In Region II, covering most parts of the highlands east of Rift Valley, normal performance of the long
rains is indicated during the ENSO onset years. During the post-ENSO ( + 1) years, there is an early onset
of the long rains, which become more intense surpassing the long-term mean (Figure 15(b)). There is
normal timing in the short rains during both the ENSO onset and the post-ENSO ( + 1) years. However,
there are noticeable differences in rainfall performance, with wet conditions occurring during ENSO onset
years and relatively dry conditions during post-ENSO ( + 1) years. Crops planted which are dependent on
the March—May rainfall season are expected to perform normally during both the ENSO onset and
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Figure 15. The mean monthly precipitation by ENSO phase for the eight homogeneous rainfall regions over East Africa. The

error-bar on the mean climatological annual rainfall cycle represents +20% of the climatological monthly mean. Values outside

+20% of the long-term mean are significant at the 5% level
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Figure 15 (Continued)

st-ENSO (+ 1) years, but to experience later moisture stress during the post-ENSO (+ 1) years
llowed possibly by poor harvests.

The effect of an ENSO episode on the seasonal rainfall cycle over the central Rift Valley of Kenya
.egion III) is shown in Figure 15(c). The Figure shows that during ENSO onset years, there is a late
iset of the long rains followed by an early cessation. During the post-ENSO (+ 1) years, there is an
rly onset of long rains and rainfall peak reached normally in April. However, significantly wet
nditions, well above the long-term mean, are experienced during this season. During ENSO years, the
pected rainfall peak in August is significantly diminished. Such suppression of mid-year rains could
ve a severe impact on agricultural production in a region where both large-scale and subsistence farmers
ow wheat and maize and depend on this rainfall season. During the post-ENSO ( + 1) years, there is a
rmal onset of July—September rainfall with very wet conditions that persist and link-up with the short
ins season of October—December. There is a late onset but late cessation of the October—December
ins during the ENSO onset years. During post-ENSO ( + 1) years a normal onset is followed by an early
thdrawal.

The impacts of ENSO on rainfall over the western highlands of Kenya, northwestern Kenya and
rtheastern Uganda (Region IV) is shown in Figure 15(d). It can be seen that during ENSO years there
a late onset and a poor seasonal rainfall performance of the March—May rains. During post-ENSO
- 1) years, the indicated early onset of rainfall attains a normal maxima in April as expected but is
nificantly higher than the long-term mean. Advance guidance regarding the expected shift in the rainfall
1ison due to ENSO will be crucial for socio-economic planning in this region which depends on the long
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rains for agricultural production of maize by both large-scale and subsistence farmers. Based on
climatological information alone, if the farmers were advised to delay planting by a month or so, it could
be beneficial to the final yield. During ENSO onset years, the short rains tend to perform normally with
better than average rainfall in November. In post-ENSO ( + 1) years, relatively high rainfall is experienced
during July—October with poor rainfall performance during the short rains of November—December.
Since evaporation rates are high during July—September, the poor performance of the late short rains may
result in failure to sustain soil moisture. Beans and potatoes planted during this period are likely to
produce poor yields.

The mean monthly precipitation by ENSO phase for central and southern Tanzania (Region V) is
shown in Figure 15(e). Apart from rainfall suppression during post-ENSO (+ 1) years and significantly
high rainfall anomalies during the ENSO onset years during the main rainfall season of October—May,
there is no significant shift in the pattern of seasonal rainfall. The socio-economic implications of ENSO
in this region may be felt due to the persistence of dryer than normal conditions during post-ENSO (+ 1)
years. Crops grown during the normal growing season will experience significant moisture stress with less
rainfall for normal agricultural production. It would be advantageous for farmers to plant alternative
crops, which require little rainfall and soil moisture to mature.

Figure 15(f) shows the mean monthly precipitation by ENSO phase for the Lake Victoria basin (Region
VI). The Figure shows that during ENSO onset years, there is a late onset of the long rains of
March—May. An early onset followed by significantly high rainfall during April but an early withdrawal
of the seasonal rainfall during post-ENSO (+ 1) years is indicated. Late planting would be recommended
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r the ENSO onset years to coincide with the late onset of the seasonal rainfall. The Figure also shows
at during ENSO onset years, the normal increase of rainfall in August in this region is suppressed. Any
op, which depends on this seasonal rainfall to mature, is likely to do poorly during ENSO years. The
gh rainfall experienced during December of the ENSO onset years may not be sufficient to replenish and
stain the soil moisture and the crops usually grown in this region since the preceding season is dry.
lternative crops requiring less soil moisture and rainfall to mature may be a suitable alternative for this
gion during ENSO episodes.

The mean monthly precipitation by ENSO phase for central and western Uganda (Region VII) is
own in Figure 15(g). The Figure shows a near normal onset of the March—May seasonal rainfall during
NSO years, followed by a late withdrawal and a significantly high seasonal rainfall giving normal to
ove normal rainfall conditions. On the other hand, there is a normal onset of long rains during the
1st-ENSO (+ 1) years, but with a peak in April followed by an early withdrawal in May indicating a
ortened rainfall season. This can have severe impacts on regional soil moisture. The results show further
at during the short rains there is an earlier onset during the post-ENSO (+ 1) years than during the
NSO onset years. During the ENSO onset years, above normal conditions are observed in a late
>vember peak, followed by a normal rainfall withdrawal. During the post-ENSO ( + 1) years, the early
set is followed by an early below normal maximum in September—October as opposed to October—
»vember, followed by early withdrawal. This drastic shift and reduction in the short rains during
st-ENSO (+ 1) years can have severe impacts on agriculture. The rainfall comes before the farmers
ve prepared for the next planting. On the other hand, if the heavy rainfall is received during harvest
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time for the first crop, especially for maize, which is usually harvested at this time of the year, it may
impact on yield due to the presence of high air moisture. If farmers are advised of the impending seasonal
climate conditions in advance, they have an opportunity for formulating alternative remedies. One
alternative would be to plant only once and late into the rainfall season.

Figure 15(h) which shows the effect of ENSO on seasonal rainfall over the area west of Lake Victoria
(Region VIII), indicates that, during ENSO onset and post-ENSO ( + 1) years, there is not much shift in
the long rains, but high rainfall is observed during post-ENSO (+ 1) years and poor rainfall during the
ENSO onset years. During the ENSO years, the October—December seasonal rainfall sets in normally
although in post-ENSO (+ 1) years there is an early cessation and a generally poorer rainfall perfor-
mance. The reliability of this rainfall season should ensure the maintenance of conditions and healthy
crop performance. However, early planting during post-ENSO ( + 1) years would appear to be a prudent
strategy.

4. CONCLUSIONS AND DISCUSSION

The results obtained in this study show large spatial and temporal variability in seasonal rainfall through
the 30-year period (1961-1990). These results are consistent with earlier studies by Ogallo (1980),
Beltrando (1990), Nyenzi (1990) and Nicholson (1996). Results obtained from the EOF analysis of the
seasonal rainfall show patterns that resemble the mean climatology, which is primarily dictated by the
seasonal migration of the ITCZ as indicated in the first EOF mode (Figures 5(a) and 6(a)). The
interactions between the prevailing easterly flow and the meso-scale circulations that play a major role in
the diurnal and intra-seasonal rainfall variability in the region were clearly discernible in the second
dominant EOF rainfall mode (Figures 5(b) and 6(b)). There was an indication of contributions, which
may be associated with rainfall generating systems such as easterly waves, and a 30-60-wave oscillation,
in the third EOF modes. The principal component time series showed years that experienced floods/
droughts during the study period, 1961 having the highest amplitude of more than five standard
deviations.

Application of rotated EOF and simple correlation analyses yielded eight homogeneous rainfall regions
in East Africa. Dyer (1977) used a similar approach for South Africa. Our homogeneous regions compare
well with those obtained by earlier researchers (Nicholson ez al., 1988; Ogallo, 1989, among others) and
are reasonable in spatial distribution. These homogeneous rainfall regions will be useful in the formula-
tion of empirical rainfall forecasting models for the eight regions and in verifications of regional climate
model results over the East African region.

The results further confirm the identification of relationships between seasonal rainfall in East Africa
and phases of ENSO. The results show, however, that not all areas/seasons of East Africa are wet/dry
during the El Nifo/post-ENSO (+ 1) years as usually claimed. Relatively wet conditions were observed
during the March—May and October—December rainfall seasons of the El Nifio years. Similar results
were obtained during June—September of the post-ENSO (+ 1) years. Dry conditions dominate in
June—September of the El Nifio onset years and the two seasons (March—May and October—December)
of the post-ENSO (+ 1) years. The results also delineate areas that are prone to excess/deficit rainfall
during the El Nifio/post-ENSO ( + 1) years. These results agree with the findings of Nicholson (1996) that
there is a tendency for rainfall to be above average in most parts of East Africa during ENSO years and
for rainfall deficits to occur during the following year, with positive rainfall anomalies occurring during
the short rains of the ENSO year. Our findings do not agree with her suggestion of negative anomalies
during the long rains of the following year except in southern Tanzania.

Our results have shown that ENSO plays a significant role in determining the monthly and seasonal
rainfall patterns in the East African region. In some regions there are shifts in the onset/cessation of
rainfall while in others there is a significant reduction in the seasonal rainfall peak during ENSO/post-
ENSO (+ 1) years. For instance the June—July to August rainfall season over the central Rift Valley of
Kenya (Region III) is significantly diminished during the ENSO onset years. The suppression of this
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sasonal rainfall can have severe socio-economic impacts especially on agriculture. The June—September
unfall maintains the different growing stages of crops especially wheat planted by both large-scale
irmers and small-scale peasant farmers in the region. Advanced knowledge of the expected seasonal
iinfall performance in association with ENSO and other factors, and fast dissemination of the climate
iformation to farmers, could be highly beneficial. These results show in detail the effects of ENSO in
1aping the seasonal rainfall patterns over East Africa postulated by earlier researchers (Ropelewski and
alpert, 1987; Ogallo, 1989; Nicholson, 1996, among others). Using a longer rainfall time series having
ore ENSO/rainfall composites may make the results more robust. Also, a higher frequency temporal
1alysis based on daily or 5-day rainfall (pentads) would prove useful in identifying the likely onset of
:asonal rainfall and the planting dates. This analysis could be performed in any region where rainfall is
fluenced by different phases of the ENSO cycle. The results obtained from this study have direct
splications in operational seasonal rainfall monitoring and prediction for East Africa.
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