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ABSTRACT

Composites of SST, wind, rainfall, and humidity have been constructed for years of high rainfall during
September, October, and November (SON) in equatorial and southern-central East Africa. These show that
extreme East African short rains are associated with large-scale SST anomalies in the Indian Ocean that closely
resemble those that develop during Indian Ocean dipole or zonal mode (IOZM) events. This is corroborated by
the observation that strong IOZM events produce enhanced East African rainfall. However, it is also shown that
the relationship between the IOZM and East African rainfall is nonlinear, with only IOZM events that reverse
the zonal SST gradient for several months (extreme events) triggering high rainfall.

Comparison of the wind anomalies that develop during extreme IOZM events with those that develop during
weaker (moderate) events shows that strong easterly anomalies in the northern-central Indian Ocean are a
persistent feature of extreme, but not of moderate, IOZM years. It is suggested that these anomalies weaken the
westerly flow that normally transports moisture away from the African continent, out over the Indian Ocean.
Thus, during extreme IOZM years, rainfall is enhanced over East Africa and reduced in the central and eastern
Indian Ocean basin.

It is also shown that the IOZM cannot be viewed in isolation from the El Niño–Southern Oscillation (ENSO).
Instead it is postulated that in some years, a strong ENSO forcing can predispose the Indian Ocean coupled
system to an IOZM event and is therefore a contributory factor in extreme East African rainfall. The results of
this study imply that the relationship between El Niño and the IOZM explains the previously described association
between El Niño and high East African rainfall. Thus, understanding the way that ENSO drives Indian Ocean
dynamics may aid the development of predictive scenarios for East African climate that could have significant
economic implications.

1. Introduction

In East Africa, rainfall is, economically and socially,
the most important part of the climate system. Both
excessive and deficient rainfall lead to disaster in the
form of flood or drought. The interannual variability of
East African rainfall and its relationship to SST has been
examined extensively using a statistical approach (e.g.,
Ogallo 1979; Ogallo 1989; Hastenrath et al. 1993; Mutai
et al. 1998). The primary aim of these studies was to
determine the extent to which the El Niño–Southern
Oscillation (ENSO) controlled East African rainfall—
the motivation being that, in the 1980s and 1990s, El
Niño events were becoming increasingly well under-
stood and predictable on a seasonal timescale (Philander
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1990). The general conclusion was that El Niño exerted
some control on equatorial and coastal East African
rainfall, with warm events being associated with high
rainfall and cold events with low rainfall. The associ-
ation was however weak and there was considerable
spatial variability with the most influence in the north
where the rainy season is strongly connected to the
southwest monsoon. In comparison, the role of the In-
dian Ocean in influencing East African rainfall has re-
ceived relatively little attention. Discussion of the re-
lationship between East African rainfall and Indian
Ocean SST can be found in, for example, Latif et al.
(1999) and Goddard and Graham (1999). Most research
on the climate of the Indian Ocean basin and of the
countries around the rim of the Indian Ocean has fo-
cused on the evolution of the Asian–Australian mon-
soon. Furthermore, it has usually been assumed that the
influence of the Indian Ocean is secondary to ENSO in
controlling the climate of India, Africa, and Indonesia.

Recently, however, there has been more interest in
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the climate of the Indian Ocean basin as a whole, fol-
lowing the description of the Indian Ocean dipole or
zonal mode (IOZM) (see, e.g., Saji et al. 1999; Webster
et al. 1999). Saji et al. (1999) identified an interannual
mode of variability in Indian Ocean SSTs that has an
east–west structure and is distinct from the basinwide
warming attributed to the remote response to El Niño.
They argued that the zonal mode identified in their anal-
ysis was independent of El Niño because the years when
the zonal mode was most active were not universally
El Niño years. In particular, 1961—the second largest
IOZM event of the twentieth century (1997 being the
largest)—was not an El Niño year.

Recent analysis of the very strong IOZM event in
1997 by Webster et al. (1999) has lent credence to this
suggestion. Webster et al. (1999) argued that once the
anomalous cooling in the eastern Indian Ocean was ini-
tiated during the summer of 1997, probably as a result
of the weaker than normal monsoon circulation, the re-
sponse by the near-surface winds led to a positive feed-
back that amplified the cooling in the east and led to a
depression of the thermocline, reduced upwelling and
hence warming in the west a few months later. A key
part of the positive feedback was the delivery of moist
air into the African continent by the anomalous easterly
flow, leading to enhanced convection and rainfall during
the autumn of 1997. This amplified the low-level east-
erly flow, which in turn caused further suppression of
upwelling and an increase in SST off the African coast.
This then strengthened the SST gradient and perpetuated
the system. Thus enhanced rainfall in East Africa may
be an integral part of the IOZM.

The extent to which the mode is independent of Pa-
cific dynamics (particularly El Niño) and hence whether
it can truly be described as an expression of internal
Indian Ocean dynamics remains unresolved. Yu and Ri-
enecker (1999), for example, argued that the SST pat-
terns were attributable to the evolution of the El Niño
in the Pacific but acknowledged that once the mode was
established, internal dynamics helped to maintain it.
Thus, the existence of this internal mode and the extent
to which it is dependent on El Niño are of fundamental
importance to the question of what controls East African
rainfall and whether strong rainy events are predictable
on the seasonal timescale.

There have also been modelling studies that have ad-
dressed the question of how the Pacific and Indian
Oceans interact to control rainfall in East Africa (see
Goddard and Graham 1999; Latif et al. 1999). Both
studies attempted to isolate the primary control by first
imposing SST anomalies in the Indian Ocean only, then
in the Pacific only, and then in both the Indian and
Pacific Oceans. Latif et al. (1999) considered the specific
case of the heavy rains of 1997, and forced the model
with a constant SST anomaly (the average between De-
cember 1997 and January 1998) while Goddard and
Graham (1999) used observed SSTs between 1970 and
1992. Both found that, while the SST in the Pacific

exerted some control on East African rainfall, the Indian
Ocean was the dominant factor. Latif et al. (1999) in
fact concluded that the El Niño in the Pacific did not
directly control rainfall in East Africa.

Clearly there are many unresolved questions regard-
ing the factors that influence East African rainfall. This
study aims to assess the large-scale controls on extreme
East African rainfall events during the boreal autumn
in light of these recent studies of Indian and Pacific
Ocean SSTs. Our focus is on coastal East Africa where
orographic effects are less critical and subregional var-
iability is not so marked. The questions addressed will
be 1) What aspects of the Indian Ocean SST drive ex-
treme East African rainfall?, and 2) What climatic
events are likely to trigger these conditions?

A variety of data sources have been used to address
these questions and they will be described in section 2.
Section 3 explains the methodology of the study. Section
4 presents the results of the analysis of East African
rainfall, its relationship with the SST and large-scale
circulation over the Indian Ocean, and the role of ENSO.
The conclusions of this study will be presented in sec-
tion 5.

2. Description of data

A variety of data sources were used in this study. In
order to work with as large a sample as possible, the
initial analysis of the relationship between East African
rainfall and SST has been performed using station re-
cords back to 1900 in combination with the historical
reconstruction of SST by Parker et al. (1995), the Global
Sea Ice and Sea Surface Temperature (GISST) dataset.
The time span of the GISST dataset is January 1872–
August 1998, and the data are presented as monthly
means and interpolated over a global grid of resolution
2.58 latitude 3 3.758 longitude. The quality of the Indian
Ocean SSTs can be assumed to be reasonable throughout
the century because of the many shipping routes that
pass through the area.

The rainfall data for the period 1900–57 were taken
from monthly mean station recordings archived in the
National Oceanic and Atmospheric Administration’s
(NOAA) database. Adjacent stations were used to create
averages over relatively small (;300 km2), areas, which
were assumed to be homogenous. This was necessary
partly because individual stations can have substantial
gaps in their records. Note that a station was only in-
cluded if data for the whole season were available. This
means that, due to gaps in the station record, different
stations have been included at different time points. This
was only necessary, however, for less than 10% of the
grid points. Also, averaging over several stations min-
imizes the effect of local variability associated with, for
example, orography. However, the danger of averaging
data spatially in a highly variable area such as East
Africa was that areas with different rainfall regimes and
teleconnections might be combined, leading to mis-
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leading results. Fortunately, there have been several
studies of the spatial variability of East African rainfall
(see, e.g., Mutai et al. 1998; Indeje and Semazzi 2000).
The areas selected fall within the homogenous zones
identified in these studies.

For the period 1958–97, the Climatic Research Unit
(CRU) gridded station precipitation data of Hulme
(1992, 1994) were used to examine the spatial coherence
of the rainfall anomalies over Africa. In order to obtain
a more spatially complete dataset, grid points that have
missing data more than 10% of the time during this 480-
month period have been filled using rainfall from the
National Centers for Environmental Prediction–Nation-
al Center for Atmospheric Research (NCEP–NCAR) re-
analysis (Kalnay et al. 1996) for the period 1958–78
and the satellite-derived precipitation climatology of
Xie and Arkin (1997) for the period 1979–97. For each
period, anomalies calculated from the auxiliary data
source were expressed as a fraction of the mean, and
then added to the climatology of the CRU data. This
method of blending circumvents the differences in
means and standard deviations of the various data sourc-
es. Over East Africa, fewer than 10 monthly values
required filling to provide an uninterrupted time series
over this 40-yr period.

For all other variables the NCEP–NCAR reanalysis
data were used. The reanalysis is a joint project between
NCEP and NCAR to produce a multidecadal record of
global atmospheric analyses with a data assimilation
system that is unchanged (Kalnay et al. 1996). Monthly
mean upper-air data on standard pressure surfaces have
been supplied, already gridded onto a 2.58 latitude–lon-
gitude grid. Surface and 24-h forecast fields (e.g., pre-
cipitation) are given on the equivalent T62 Gaussian
grid. These reanalyses have been widely used to inves-
tigate interannual variability. Although the mean cli-
matology is subject to uncertainties, particularly in data-
sparse regions such as the Indian Ocean, the interannual
variability appears to be fairly robust and usable (e.g.,
Annamalai et al. 1999).

3. Methodology

The first part of the study used the extended record
of station rainfall data to explore the seasonality of East
African rainfall and to identify those regions that ex-
perience the autumn short rains. The interannual vari-
ability of the short rains was then characterized. To de-
termine the SST patterns associated with high rainfall
in these regions, composites of SST during rainy au-
tumns were constructed using the extended record of
global SSTs provided by the GISST dataset. Seasonally
averaged (September–November, SON) rainfall was
used rather than October and November (the main rainy
months) to avoid being overly influenced by intrasea-
sonal factors such as the Madden–Julian oscillation,
which varies on an approximately 6-week timescale.
However, it was found that if October and November

were used rather than SON, there was no difference in
the rainy years selected for the composites. The SST
patterns in rainy years were then used to make infer-
ences about the Indian Ocean processes associated with
high rainfall (in particular the IOZM).

Following identification of the SST patterns associ-
ated with heavy East African short rains, the circulation
anomalies associated with these events were investi-
gated using the NCEP–NCAR reanalyses. Although
these span fewer years than the rainfall and SST data
used in the initial analysis, we find that the basic results
are robust independent of the length of record used.
Finally, the Indian Ocean processes were put into a glob-
al perspective by comparison between the IOZM and
the ENSO cycle. A dynamical model is then proposed
that is summarized as a series of criteria for high rainfall
in East Africa that may eventually be useful for seasonal
forecasting.

4. Results

a. The seasonal cycle and interannual variability of
East African rainfall

The seasonal cycle of rainfall in tropical East Africa
is controlled by large-scale monsoon circulations, the
migration of the ITCZ, and by regional orography (e.g.,
Nicholson 1988). Between December and March, the
northeast monsoon brings dry continental air into East
Africa, and consequently, the rainfall during these
months is low. The southwest monsoon starts in June
and persists until September, during which time the
moisture influx from the Indian Ocean results in high
rainfall over northern East Africa. However, in the
southern part of the continent the southwest monsoon
season is dry because the monsoon flow is diverted by
the high topography of Madagascar and the East African
coast.

In equatorial and southern East Africa, however, there
are two rainy seasons, which are driven by the migration
of the ITCZ back and forth across the equator. The
timing of maximum rainfall lags the position of the
overhead sun by approximately 1 month. The first, be-
tween April and May, is known locally as the ‘‘long
rains’’ and the second, in October and November, as the
‘‘short rains.’’ During the short rains, the ITCZ migrates
rapidly southward and the heavy rainfall is of relatively
short duration. In contrast, during the long rains, the
ITCZ moves more slowly, and so there is heavy rainfall
for several weeks. This study will focus on the short
rains during SON.

Figure 1 shows the average seasonal cycle in precip-
itation rate from station data for 1900–97 averaged over
three regions aligned along 37.58–41.258E and covering
the following latitude ranges: 108–12.58N, 2.58S–2.58N,
and 108–12.58S. It can be seen that there is a marked
contrast in the seasonal cycle between the northernmost
region and the other two, reflecting the strong influence
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FIG. 1. Seasonal cycle in East African rainfall between 37.58 and 41.258E for (a) northern (108–12.58N), (b) equatorial
(2.58S–2.58N), and (c) southern (108–12.58S) latitudes. The thick line denotes the climatological mean, and the thin
lines show 6 one standard deviation of the interannual variability.

FIG. 2. Time series of the seasonal mean rainfall anomaly for SON between 37.58 and 41.258E
for (a) 2.58S–2.58N and (b) 108–12.58S. The black circles indicate missing data.

of the southwest monsoon circulation on rainfall in
northern East Africa. The other regions are dry during
the southwest monsoon and instead show a semiannual
distribution to the rainfall, which is particularly marked
for the equatorial box. Because the rainfall in boreal
autumn (the season of interest for this study) is low in
northern-central East Africa, the rest of the study will
focus on the equatorial and southern-central regions of
coastal East Africa.

As well as the mean monthly rainfall, Fig. 1 shows
the interannual standard deviation. It is clear that the
short rains are highly variable interannually. Indeed, in

percentage terms, they are more variable than the long
rains. The possible reasons for this are discussed later
in the context of the seasonality of the interannual var-
iability of the IOZM. Figure 2 shows the interannual
variability in the short rains for the two regions over
southern and equatorial Africa. For both regions, the
temporal variability of the short rains is far from Gauss-
ian and the distribution is positively skewed with more
extreme wet events. Unlike other parts of Africa, such
as the Sahel (e.g., Rowell et al. 1995), there is little
evidence of decadal or longer-term variability. Although
the extreme rainfall years of 1961 and 1997 are common
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FIG. 3. SST anomaly patterns associated with heavy East African short rains based on SON rainfall from Fig. 2. Extreme rainfall years
are based on anomalies greater than one standard deviation from the mean: (a) equatorial region (2.58S–2.58N), and (b) southern region
(108–12.58S). SST anomalies are calculated relative to the 1900–97 climatological mean. The left panels show the SST anomalies; contour
interval is 0.1 K, and negative anomalies are shaded. Gray shading in the right panels indicates regions where anomalies are significant at
the 95% level.

FIG. 4. Variance between individual events included in the composites shown in Fig. 3. Contours are drawn at 0.05,
0.1, 0.2, and 0.5 K and then every 0.5 K thereafter.

to both regions, clearly there are a number of wet years
that are localized to one specific region. The purpose
of this study is to identify the processes in the climate
system that give rise to these extremes.

b. The relationship between anomalously high East
African rainfall and tropical sea surface
temperatures

The SST anomalies associated with high rainfall
events in East Africa have been investigated by con-
structing composites of years in which the short rains
are greater than one standard deviation from the mean
(13 events for the equatorial rainfall and 10 events for
the southern time series). Figure 3 shows the SST anom-

alies associated with heavy rainfall for both regions
based on the rainfall records shown in Fig. 2. As might
be expected, high rainfall is associated with a warming
of the western Indian Ocean near the East African coast.
However, the dominant feature of both composites is a
cooling off the Sumatran and Australian coasts in the
east of the Indian Ocean. In addition, there is a pro-
nounced warming in the eastern Pacific. The signifi-
cance of the various features of the SST anomaly pattern
noted above has been assessed further by performing a
two-tailed Student’s t test (Fig. 3) and by considering
the variability between events (Fig. 4). While the cold
anomaly in the eastern Indian Ocean is a robust and
statistically significant feature, the warming off the East
African coast is somewhat more variable and only spo-
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FIG. 5. (a) Annual mean SST and (b) amplitude of the average
seasonal cycle in SST. The contour interval is 1 K in (a) and
0.25 K in (b). (c) The seasonal cycle in the zonal SST gradient
across the Indian Ocean based on the difference in SST between
the eastern (108S–08, 908–1108E) and western Indian Ocean
(108S–108N, 508–708E).

radically significant at the 95% level. Figure 4 also
shows that the signal in the Pacific is very variable,
reflecting the fact that in some high rainfall years there
is an El Niño and in others there is not. Figure 3 confirms
that the SST anomalies in much of the Pacific are not
statistically significant. Despite this lack of robustness,
it should be noted that the average anomaly in the Pacific
is strongly positive, which supports the hypothesis that
El Niño conditions are associated with high rainfall in
equatorial East Africa in agreement with, for example,
Nicholson and Kim (1997).

It is clear from Fig. 3 that Indian Ocean SST anom-
alies are potentially important players in determining
East African heavy rainfall events. In order to under-
stand the potential role that interannual variations in
Indian Ocean SST may have on East African rainfall,
it is essential to appreciate the mean climate and sea-
sonal cycle in the Indian Ocean on which these inter-
annual variations will operate. The Indian Ocean con-
stitutes an important part of the tropical warm pool,

which is the prime driver of the global circulation. As
Fig. 5a shows, the annual mean SST of the tropical
Indian Ocean is uniformly warm with only a relatively
weak east–west gradient of SST compared with the
tropical Pacific Ocean. The amplitude of the seasonal
cycle in SST (Fig. 5b) is also quite weak particularly
in the central Indian Ocean. However this masks a
seasonal cycle in the ocean circulation and heat trans-
ports that is more complex than in the other ocean
basins, because of the large variations in surface winds
associated with the Asian–Australian monsoons. Los-
chnigg and Webster (2000) conjectured that the sea-
sonal reversal in the winds, and hence in the meridional
ocean heat transport, leads to regulation of the Indian
Ocean SSTs.

The Indian Ocean is also highly sensitive to the con-
ditions in the Pacific, the oceans being directly con-
nected by the Indonesian Throughflow, as well as
through changes in the Walker circulation. At the In-
donesian Throughflow, the pressure gradient causes wa-
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FIG. 6. (a) Mean interannual variability in SST. Contours are drawn
every 0.1 K. (b) As in Fig. 5c but with the thin lines denoting 61
std dev of the interannual variability.

ter to flow from the Pacific to the Indian Ocean with
the transport controlled by the monsoon winds. During
the southwest monsoon, the winds are easterly across
the southern Indian Ocean, which maximizes the flow
from the Pacific to the Indian Ocean. Conversely, during
the northeast monsoon, the wind direction reverses,
which minimizes the flow from the Pacific to the Indian
Ocean. The net result of this is that the throughflow
reaches a maximum in July and August and a minimum
in January and February (Wyrtki 1987). All of these
factors lead to a complex seasonal cycle in the SST and
heat content of the upper layers of the Indian Ocean,
which is still not fully understood.

It is clear that the seasonal cycle of the monsoon
winds is an important component of the circulation of
the Indian Ocean that may explain the stronger seasonal
cycle of SST in the region of the Somali jet and the
Indonesian Throughflow (Fig. 5b). This enhanced sea-
sonal variability in the eastern and western Indian Ocean
affects the zonal SST gradient (Fig. 5c) in a potentially
important way for East African rainfall. Between Jan-
uary and April the gradient changes from quite strongly
negative to positive. Between April and July (the peak
of the southwest monsoon), the gradient goes from being
positive to strongly negative before returning to around
zero in September, October, and November—the only
season in which the climatological gradient in SST re-
mains near zero for a significant time. This means that
during these months, the zonal SST gradient in the In-
dian Ocean is vulnerable to reversal, so that small
changes in SST are likely to have a significant impact
on the whole climate system.

Although the largest seasonal variability is seen in the
Indian Ocean (Fig. 5b), the largest interannual variability

in tropical SST occurs in the eastern Pacific and is caused
by El Niño (Fig. 6a). In the Indian Ocean, the interannual
variability is low everywhere except on the western
boundary of the basin near the East African coast, and
on the eastern boundary in the region of the Indonesian
Throughflow. However, to place the interannual vari-
ability of the Indian Ocean in context, it is helpful to
consider the seasonality of that variability in terms of the
zonal SST gradient shown in Fig. 5c and discussed above.
Figure 6b shows again the seasonal cycle in the zonal
SST gradient across the Indian Ocean, but in this case
with the addition of the standard deviation of the inter-
annual variability. The enhanced interannual variability
in the eastern and western Indian Ocean, noted in Fig.
6a, affects the zonal SST gradient in a potentially im-
portant way for East African rainfall. Enhanced inter-
annual variability in the zonal gradient occurs during the
monsoon and postmonsoon seasons [presumably asso-
ciated with the rapid dynamical response of the equatorial
Indian Ocean to changes in the monsoon winds (Webster
et al. 1999)]. This is particularly marked during Septem-
ber–November, just when the zonal gradient is at its
weakest. Consequently, reversals in the climatological
SST gradient are most likely during this part of the annual
cycle, which may lead to substantial redistributions in
the circulation and convection over the Indian Ocean and
its surrounding landmasses.

The similarity between the remote SST anomalies as-
sociated with high rainfall in geographically diverse areas
of East Africa (Fig. 3) suggests that the anomalous rain-
fall might be triggered by changes in the overall ocean–
atmosphere system as well as by fluctuations in local
conditions. Whether this is due to forcing from the Pacific
Ocean or is driven by Indian Ocean internal dynamics is
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FIG. 7. Time series of the Oct Indian Ocean DMI: defined as the
difference in SST anomaly between the eastern (108S–08, 908–1108E)
and western Indian Ocean (108S–108N, 508–708E).

FIG. 8. (a) Scatterplot of Oct DMI against SON rainfall in equatorial, coastal East Africa
(2.58S–2.58N, 37.58–41.258E), and (b) mean rainfall (61 std dev) averaged over the following
DMI bins: DMI , 20.5, 20.5 , DMI , 0, 0 , DMI , 0.5, and DMI . 0.5.

of great importance for understanding the large-scale cli-
mate system of which the East African short rains are a
part. The potential influence of the IOZM on East African
rainfall was introduced in section 1 and is corroborated
by the results shown in Fig. 3. In the following sections
the specific roles played by the IOZM and ENSO will
be investigated in more detail and a paradigm for extreme
East African short rain events will be developed. This
will enable conclusions to be drawn on the potential pre-
dictability of such events.

c. The Indian Ocean zonal mode and East African
rainfall

The behavior of the IOZM can be described by the
so-called Dipole Mode index (DMI: Saji et al. 1999),
which quantifies the difference in SST anomaly between
the western (108S–108N, 508–708E) and eastern Indian
Ocean (108S–08, 908–1108E), the same regions used to
describe the zonal SST gradient in Figs. 5c and 6b.
Figure 7 shows the interannual time series of the DMI
for October, the month during which the zonal SST
gradient is most susceptible to reversal (Fig. 6b). There
is significant interdecadal variability in the activity of
the IOZM. At the beginning of the century the DMI
varies considerably from one year to another with sev-
eral occurrences of both very negative and positive val-
ues, implying that the IOZM was active. In the middle
of the century (from 1920 until 1960), the DMI showed
much less variability with no highly positive events and
few negative ones. After 1960, there was renewed ac-
tivity in the IOZM, with several highly positive events
and a few very negative ones.

The DMI time series can be compared with the rain-
fall time series for East Africa shown in Fig. 2. The
overall cross correlation between the rainfall in either
region and the DMI time series is less than 0.3 and not
statistically significant. However, although Figs. 2 and
6 suggest that before 1960 the relationship between the
DMI and East African rainfall is weak, since 1960 rain-
fall in East Africa is above average whenever the DMI
is very positive (i.e., above 0.5). Furthermore, the re-



82 VOLUME 131M O N T H L Y W E A T H E R R E V I E W

FIG. 9. Seasonal cycle in SST difference between the western and eastern Indian Ocean during
(a) ‘‘extreme’’ IOZM years, demonstrating the extended reversal of the SST gradient during
boreal autumn, and (b) ‘‘moderate’’ IOZM years. Black circles represent the SST difference in
that year. Thick and thin lines show the climatological mean and 61 std dev of the interannual
variability, respectively, as in Fig. 6b.

lationship between the DMI and rainfall seems only to
hold for the most extreme DMI years.

This leads to the question of whether the relationship
between the DMI and East African rainfall is linear and
can therefore be captured by methods such as correlation
and regression. The relationship between rainfall and
DMI is explored further in Fig. 8. Figure 8a shows

rainfall plotted against DMI for all years after 1960, and
Fig. 8b shows the average rainfall (with 6 1 std dev
error bars) for the following DMI bins: less than 20.5,
between 20.5 and 0, between 0 and 0.5, and finally
greater than 0.5. Both figures show that when the DMI
is greater than 0.5, rainfall is significantly above aver-
age, suggesting a relationship between high rainfall and
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FIG. 9. (Continued )

positive events. The lack of a converse relationship be-
tween low rainfall and negative DMI events suggests
nonlinearity although there are too few events to draw
firm conclusions.

The results shown in Fig. 8 suggest that there is a
critical threshold for the Indian Ocean–East African
rainfall system when the DMI exceeds 0.5. Consequent-
ly, this was investigated further by comparing the cli-
mate anomalies in two groups of IOZM events. The first
group consisted of very strong IOZM years (herein re-
ferred to as extreme years). These events correspond to
the strongest category shown in Fig. 8b. The second
group consisted of years in which the DMI was mod-
erately perturbed (referred to as moderate years). These
correspond to the more positive events in the second
category of Fig. 8b. The criteria used to define extreme
and moderate DMI years were as follows. For a year to
be classed as moderate IOZM, the DMI must be greater
than average for three contiguous months between Au-
gust and November. For a year to be considered extreme,
the DMI has to be greater than one standard deviation
from the mean during the three contiguous months be-
tween August and November. Figures 9a and 9b show
the seasonal variation in DMI for the various extreme
and moderate years, respectively. During the extreme
years, the climatological gradient in SST is reversed for
several months. In contrast, during the moderate years
the SST gradient is either never reversed or reversed
only for a short time.

To investigate the difference between the climate
anomalies that develop in moderate and extreme years,

composites of SST, rainfall, 850-hPa vector wind, and
specific humidity from the NCEP reanalyses for the two
sets of years were compared. Figure 10 shows the SST
anomaly composites for extreme and moderate IOZM
years. The results are similar in many respects to the SST
anomaly patterns associated with extreme East African
rainfall (Fig. 3). Both moderate and extreme IOZM
events are associated with a warm East Pacific, although
only in the moderate events is this statistically significant.

For the Indian Ocean, the general pattern in SST
anomalies is similar, particularly with respect to the
anomalously cold SSTs in the southeast Indian Ocean
near the north Australian coast, which are significant
for both moderate and extreme years. However, during
the extreme years, the negative SST anomalies are cen-
tered on the equator. Indeed, the general pattern of the
tropical SST anomalies, with warm anomalies in the
equatorial western Indian Ocean, is reminiscent of the
coupled atmosphere–ocean mode of variability pro-
posed by Webster et al. (1999) in which equatorial ocean
waves play a key role. In contrast, during moderate
IOZM events, the negative SST anomalies are more
confined to the southern Indian Ocean and are only sig-
nificant in the region of the Indonesian Throughflow,
indicative perhaps of a purely oceanic rather than cou-
pled mechanism. As noted by Clarke and Liu (1994)
and Meyers (1996), El Niño reduces the strength of the
Indonesian Throughflow, and the significant association
between moderate IOZM events and El Niño, seen in
Fig. 10, may suggest that the oceanic influences of El
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Niño are a key factor in generating the cold SST anom-
alies off northern Australia.

The similarity between the SST composites associ-
ated with strong IOZM events and those related to heavy
East African rainfall has already been noted. This is
further corroborated by the composites of rainfall based
on the CRU synthesis of rain gauge data for moderate
and extreme IOZM events (Fig. 11). Extreme IOZM
events are associated with enhanced rainfall over ex-
tensive regions of tropical East Africa, the rainfall
anomaly penetrating a long way inland, and with sub-
stantial dry anomalies over the islands of the Maritime
Continent. In contrast, moderate IOZM events have little
impact on East African rainfall.

In summary, it has been shown that there are statis-
tically significant patterns in SST anomalies during
years with heavy East African short rains (Fig. 3), sug-
gesting that they may be triggered by large-scale pro-
cesses. It has been further shown that the SST anomalies
associated with high rainfall are similar to those that
develop during strong IOZM events (Fig. 10), and that
high East African rainfall is likely during strong IOZM
events (Fig. 11). This suggests that the high rainfall
events may be triggered by some aspect of the climate
system during strong IOZM events. The nature of the
relationship between high rainfall in East Africa and the
IOZM will be the subject of the rest of this paper.

d. East African short rains, the IOZM, and anomalies
in the large-scale circulation

The large spatial extent of the rainfall anomalies for
extreme IOZM conditions implies that there must be
substantial changes in the large-scale circulation over
the Indian Ocean, which give rise to an increased supply
of moisture into East Africa. Figure 12 shows the sea-
sonal mean 850-hPa wind field for September to No-
vember, as well as the anomalies for the extreme and
moderate IOZM years. The mean wind field (Fig. 12a)
is dominated by easterly flow across the southern Indian
Ocean, which brings a substantial source of moisture
into coastal East Africa. The remnants of the Asian sum-
mer monsoon westerly flow are still evident south of
India, although India itself is now covered by dry north-
erly winds. It is important to note that much of the
moisture carried by the easterly flow over the southern
Indian Ocean is returned back across the northern Indian
Ocean by the westerly flow, which then supplies the
precipitation maximum over the northern and equatorial
eastern Indian Ocean (Fig. 13a).

The anomalous wind fields for extreme and moderate
years (Figs. 12b and 12c) show, rather surprisingly, little
change in the easterly inflow to coastal East Africa.
Instead, major changes occur over the eastern Indian
Ocean where, for both extreme and moderate IOZM
events, there is a weakening of the westerly flow. This
is particularly marked in extreme IOZM years (Fig. 12b)
when the weakening of the westerly flow extends across
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FIG. 11. Seasonal (SON) mean precipitation anomaly (mm day21) composites for land during
(a) extreme and (b) moderate IOZM years, based on the gridded station data of Hulme (1992,
1994).

the entire Indian Ocean to the African coast. The picture
that is beginning to emerge from these wind anomalies
is one in which heavy East African rainfall in extreme
IOZM years is associated, not with enhanced inflow of
moist air from the south and east, but rather with less
advection of moisture away from East Africa by the
westerly flow to the north.

So far the rainfall analysis has focused on land areas
where there are reliable records extending back over
several decades. In order to give a complete picture of
the ocean and land precipitation distribution, the pre-
cipitation from the NCEP–NCAR reanalysis has been
used, although it is recognized that this is one of the
less reliable products from this reanalysis. Figure 13a
shows the seasonal mean precipitation for September to
November, as well as the anomalies for the extreme and

moderate IOZM years. As noted above, climatologically
most of the rainfall occurs over the eastern Indian
Ocean, across southeast Asia, and into the west Pacific.
This season represents the transition of the circulation
from the Asian to the Australian monsoon, and much
of the rainfall north of the equator is associated with
the retreat of the Asian summer monsoon and the rem-
nants of the monsoon westerly flow.

The precipitation anomalies during extreme and mod-
erate IOZM years are shown in Figs. 13b and 13c. It
can be seen that during extreme IOZM years there is
anomalously high rainfall during SON over the whole
of coastal tropical East Africa, although in comparison
with the CRU rainfall data (Fig. 11a), the reanalyses
clearly underestimate the penetration inland of the heavy
rainfall. The high rainfall over East Africa is associated
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FIG. 12. Seasonal mean 850-hPa winds (m s21) from the NCEP reanalyses. (a) Climatology for SON, and composite anomalies during (b)
extreme and (c) moderate IOZM years.

with a large-scale, basinwide change in the precipitation
pattern, which is consistent with the reversal of the zonal
SST gradient that characterises extreme IOZM years.
The enhanced rainfall over the western Indian Ocean
and coastal East Africa, and the reduced rainfall over
the eastern Indian Ocean and Maritime Continent (seen
also in the CRU data; Fig. 11a), are both consistent with
the weaker westerly flow noted in Fig. 12. During mod-
erate IOZM years, however, there is no substantial per-
turbation in East African rainfall (Fig. 13c), and the
patterns of anomalous rainfall are more complex, again
in agreement with the CRU data (Fig. 11b). The main
area of enhanced precipitation now lies over the central
Indian Ocean, and again is consistent with the weak-
ening of the westerlies, which in this case is confined
primarily to the eastern Indian Ocean (Fig. 12c).

The results described above can be collated into a
dynamic scenario as follows. During extreme IOZM
and, to some degree, during moderate IOZM years, the
anomalously high SST off the African coast during SON
(Fig. 10) might be expected to enhance convection and
hence increase the moisture content of the atmosphere
locally. However, during moderate IOZM years, any
extra moisture generated is transferred away from the
coast by the low-level westerly winds, which are not
perturbed to the extent that they are in extreme IOZM
years. Comparison between Figs. 11 and 12 confirms
that the focus of the enhanced convection during mod-
erate years is located where the wind anomalies imply
enhanced convergence. In contrast, during extreme
IOZM years the low-level westerly flow is weaker
across the entire ocean basin and does not transfer the
excess moisture away over the Indian Ocean, with the
result that it rains near the coast and on land (Figs. 11
and 13). Vertical profiles of humidity for moderate and
extreme IOZM years (Fig. 14) support this argument by
showing that, during extreme years, specific humidity
is enhanced over the African coast while during mod-
erate years it is not.

In the scenario presented, the key difference between
moderate and extreme IOZM events is the strength of
the low-level westerly flow over the northern Indian
Ocean. Following the ideas of Lindzen and Nigam
(1987), it is postulated that the magnitude and direction
of the zonal wind depends on the east–west SST gra-
dient. If the SST gradient is perturbed for a significant
time, as happens during extreme IOZM years, the wind
field is also affected, creating a tendency for above av-
erage rainfall in East Africa. If the SST gradient in the
northern and central Indian Ocean is not sufficiently
perturbed so as to affect the wind field, any extra mois-
ture generated from the warming of the western Indian

Ocean is transported back across the Indian Ocean and
there is no excess rainfall over East Africa.

e. The role of El Niño in the relationship between the
IOZM and East African short rains

The results shown in the previous sections have dem-
onstrated how extreme IOZM events can give rise to
heavy short rains over East Africa. They support the
implied link between Indian Ocean SSTs and extreme
East African rainfall seen in Fig. 3 for the century-long
record. Figure 3 also shows, however, that Pacific SST
anomalies, typical of ENSO, are also related to extreme
East African rainfall events. Although the association
between rainfall anomalies within the Indian Ocean ba-
sin and ENSO are well known [e.g., drought in Indo-
nesia and a failure of the Asian monsoon are both more
likely in El Niño years; Philander (1990)], the telecon-
nection between ENSO and rainfall in East Africa ap-
pears to be rather weak. For example, Hastenrath et al.
(1993) report a low correlation between East African
rainfall and the Southern Oscillation index (SOI). Nev-
ertheless, the results shown in Figs. 3 and 10 clearly
point to the involvement of ENSO in extreme East Af-
rican rainfall and strong IOZM events. The following
analysis attempts to clarify how these three aspects of
the climate system, ENSO, the Indian Ocean zonal
mode, and East African short rains, are related and may
work together. It is important to note that, although the
overall correlation between East African rainfall and the
IOZM is weak, as it is for ENSO, there is an association
between strong events that has proved worth exploring.
The same may apply for ENSO.

It is well known that the Indian and Pacific Ocean
basins are closely coupled during an ENSO cycle
through changes in the atmospheric Walker circulation.
The basinwide warming of the Indian Ocean that follows
an El Niño event is a well-documented response to
ENSO forcing (e.g., Tourre and White 1995, 1997). As
noted earlier, another linkage between the Indian and
Pacific Oceans may exist via the Indonesian Through-
flow. It used to be argued that the transport of water in
the throughflow was unaffected during El Niño because
the sea surface height is equally elevated at both the
Indian and Pacific sides of the divide (Wyrtki 1987).
More recently, however, it has been suggested that the
volume transport is affected by the ENSO cycle with
larger than normal flow during La Niña and smaller than
usual flow during El Niño (Clarke and Liu 1994; Meyers
1996). Thus it is possible that the SST anomalies in the
vicinity of northwest Australia, evident in Figs. 3 and
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FIG. 13. As in Fig. 12 but for precipitation (mm day21) from the NCEP reanalyses. Contours are drawn every 1 mm
day21 in (a) and every 0.5 mm day21 in (b) and (c). Negative anomalies are shaded in (b) and (c).
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FIG. 14. Seasonal mean (SON) vertical profiles of anomalous specific humidity (kg kg21)
along 41.258E (i.e., coastal East Africa) during (a) extreme and (b) moderate IOZM years.

10, are surface manifestations of changes in the Indo-
nesian Throughflow driven by El Niño.

Using the criteria given in Kiladis and Diaz (1989),
El Niño year zeros have been defined in terms of the
Niño-3 (58S–58N, 908–1508W) SST index and the
Southern Oscillation index (SOI). The years included
in the composites were 1963, 1965, 1969, 1972, 1976,
1982, 1986, 1991, and 1997. Seasonal mean SST anom-
aly and 850-hPa wind fields have then been constructed
for September–November preceding the peak of El Niño
(i.e., year 0).

The choice of year 0 was influenced by the results of,
for example, Slingo and Annamalai (2000), which show
that the influence of ENSO on the boreal summer and
autumn climate of the Indian Ocean and surrounding
landmasses is felt most strongly when El Niño is in its
developing/mature phase. Figure 15a shows that El Niño

events are, as expected, associated with a general warm-
ing of the Indian Ocean. However, in the east, there are
localized regions of cooling along the Sumatran coast
and off Australia, in the region of the Indonesian
Throughflow. The cooling along the Sumatran coast is
probably associated with the anomalous alongshore
southerly winds (Fig. 15b), which cause enhanced up-
welling, as described by Webster et al. (1999) for the
1997 event. The cooling farther south may be related to
changes in the Indonesian Throughflow discussed above.

It is clear from Fig. 15a that several aspects of the
SST anomaly field in the Indian Ocean, associated with
ENSO, will affect the zonal SST gradient and project
on to the IOZM. This is entirely commensurate with the
SST anomaly patterns shown in Fig. 10 for extreme and
moderate IOZM years. Indeed comparison of the time
series of Niño-3 and the DMI (Fig. 16) shows that the
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FIG. 16. Time series of Oct DMI (dashed line) and Niño-3 SST anomaly (solid line) for
all months.

←

FIG. 15. Seasonal mean (SON) anomalies in (a) SST (K), and (b) 850-hPa wind anomalies (m s21) for composites based on year 0 of El
Niño and (c) 850-hPa total vector winds (m s21) for composites based on year 0 of El Niño. The contour interval in (a) is 0.25 K and
negative values are shaded.

two events are well correlated when only SON is used
(r 5 0.65, significant at the 99.5% level) rather than all
months/seasons.

As discussed above, the dynamics of ENSO cause a
cooling of the Indian Ocean off the north Australian and
Sumatran coasts, which, if strong enough, can cause a
reversal of the climatological east–west SST gradient.
Remembering that the climatological SST gradient is
flattest during October and November (Fig. 5c), and that
this is the time when it is most likely to be reversed
and an IOZM event triggered, then it could be argued
that an El Niño, maturing during those months, may act
to reverse the gradient and initiate an IOZM event. Con-
versely, an El Niño that matures when the gradient in
Indian Ocean SST is not vulnerable to reversal will not
trigger an IOZM. Similarly, weak El Niños (even if they
mature in the boreal autumn) may not be powerful
enough to reverse the SST gradient of the Indian Ocean
and trigger a full IOZM event. Examples of such years
are 1965 and 1991—both of which were moderate
IOZM years.

5. Discussion and conclusions

A large-scale dynamical system that explains some
aspects of the relationship between East African rainfall,

the Indian Ocean zonal mode, and ENSO has been pre-
sented. This is consistent in part with previously pub-
lished work. For example, Hastenrath et al. (1993) de-
scribed how Indian Ocean SST anomalies can be in-
duced by variations in sea level pressure during an El
Niño and how these can cause high rainfall in East
Africa. Rather than isolating and comparing different
sets of years, as this study has done, their study used
statistical techniques to investigate the whole period be-
tween 1948 and 1987. Thus the present study confirms
and extends their results using different data and meth-
odology.

Although the present study provides confirmation that
the IOZM and ENSO are implicated in heavy East Af-
rican short rains, it also points out that it is only in
extreme IOZM events that the East African rainfall is
systematically affected. Similarly, the way in which
ENSO sets up IOZM events also points to the impor-
tance of considering primarily strong ENSO forcing.
These results suggest that we are dealing with a non-
linear system that does not lend itself to a linear ap-
proach of the type used in correlation and regression
analysis. That this is so is reinforced by the poor cor-
relation between the DMI and East African rainfall and
between the SOI and East African rainfall.

In a recent paper on the 1997 Asian summer monsoon,
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FIG. 17. Schematic of the anomalous Walker and Hadley circulations during strong El Niño years showing the
development of the local Hadley circulation in the vicinity of the Maritime Continent and the associated easterly and
southerly wind anomalies over the eastern Indian Ocean.

Slingo and Annamalai (2000) attempted to explain the
above-average all India rainfall (AIR) despite the stron-
gest El Niño of the century. {Note that AIR is usually
deficient in El Niño years, particularly year 0, associated
with changes in the Walker circulation [see e.g., Ras-
musson and Carpenter (1983)]; 1982 and 1987 are clas-
sic examples.} They concluded that it is possible, de-
pending on the strength of the ENSO forcing, for the
circulation to enter different regimes. In 1997, the sub-
stantial change in the Walker circulation, graphically
demonstrated by the severe droughts in Indonesia, led
to a substantial change in the local Hadley circulation
over the Indian Ocean and Maritime Continent. This
resulted in the tropical convergence zone being pref-
erentially located farther north over the Asian summer
monsoon domain where it gave rise to enhanced pre-
cipitation and subseasonal activity. Slingo and Anna-
malai (2000) summarized the circulation regime asso-
ciated with extreme ENSO forcing by the schematic
reproduced in Fig. 17. Here the implied modulation to
the low-level wind to the west of the Maritime Conti-
nent, of relevance to this paper, has also been included.
These changes in the low-level wind field depict both
the equatorial easterly anomalies, which have been im-
plicated in the enhanced East African rainfall (see Figs.
11a and 12b), and the southerly anomalies, which drive
the upwelling and cooling of the SST in the eastern
Indian Ocean, implicated in the development of the
IOZM (Webster et al. 1999).

The results of this study, combined with those of
Slingo and Annamalai (2000), enable the following par-
adigm for extreme East African short rains to be de-
veloped. This essentially follows a sequence of events
in which thresholds may be need to be transgressed so
as to take the coupled system into specific regimes. This
sequence can be summarized as follows.

1) The El Niño must be sufficiently strong during the
boreal summer to significantly perturb the convec-

tion and circulation in the vicinity of the Maritime
Continent. This is most likely during the developing
phase, that is, year 0, of the El Niño.

2) The perturbation to the climate of the Maritime Con-
tinent should be sufficiently strong to generate a per-
sistent change in the local Hadley circulation with
enhanced southerly winds in the eastern Indian
Ocean.

3) The enhanced southerly winds must be long lived
and strong enough to cool the eastern Indian Ocean
(via enhanced upwelling) during boreal summer and
autumn such that the zonal gradient in SST across
the Indian Ocean is reversed during autumn, leading
to the development of the IOZM.

4) The equatorial easterly anomalies over the Indian
Ocean, arising both from the changes in the Maritime
Continent associated with ENSO, and from the re-
versal of the zonal SST gradient associated with the
IOZM, must be strong enough to extend across the
Indian Ocean. These easterly anomalies will reduce
the mean westerly flow and hence the export of mois-
ture away from East Africa.

The suggested relationship between the IOZM and
ENSO in which, under the right circumstances, El Niño
can trigger an IOZM event and hence heavy rainfall in
East Africa is consistent with the interdecadal variability
in the activity of the IOZM and ENSO. During the mid-
dle of the century, from the mid-1940s to the early
1960s, the IOZM was relatively inactive (see Fig. 7)
and El Niño was similarly suppressed at this time.

The processes described in this paper may have ram-
ifications for the predictability of East African rainfall
on a seasonal timescale. El Niño is now well enough
understood to be predictable on this timescale, although
unfortunately the current forecasts are still not skillful
enough to capture the amplitude of the event. If, as this
study and that of Slingo and Annamalai (2000) suggest,
the climate response to El Niño is nonlinear, then the
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potential predictability of East African short rains may
not be realizable at this stage. The other major difficulty
in seasonal prediction is the inability of models to sim-
ulate the mean climate and variability of the Maritime
Continent region (see Wang and Weisberg 2000). If the
suppression of convection over the Maritime Continent
and the modulation of the local Hadley circulation are
essential for generating the IOZM during strong ENSO
events, then these deficiencies may further limit our
ability to predict East African rainfall.

It should be pointed out, however, that El Niño cannot
explain all extreme IOZM events and heavy East Af-
rican rainfall. In the case of 1961, the IOZM is triggered
by some factor other than El Niño. Nevertheless, 1961
is not a counterexample of the way that the IOZM in-
teracts with East African rainfall (the primary conclu-
sion of this study), but illustrates that El Niño is not
the only possible trigger of an IOZM. Understanding
the internal variability of the Indian Ocean remains a
challenge.

In conclusion, it has been shown that extreme East
African short rains are associated with SST anomalies
in the Indian Ocean that closely resemble the IOZM. It
has further been shown that extreme IOZM events,
strong enough to reverse the zonal SST gradient, pro-
duce enhanced East African rainfall, corroborating the
association noted above. The mechanisms through
which East African rainfall is enhanced during extreme
IOZM events have been identified; they have empha-
sized the importance of the weakening of the westerly
flow over the northern Indian Ocean in reducing the
export of moisture away from East Africa. However, the
results have shown that the IOZM cannot be viewed in
isolation from ENSO, with the suggestion that strong
ENSO forcing can predispose the Indian Ocean coupled
system to an IOZM event and is therefore a contributory
factor in extreme East African rainfall.

The associations described here between East African
rainfall, the IOZM, and ENSO provide a stringent test
for dynamical seasonal prediction models as well as
indicating possible refinements to statistical prediction
methodologies that may currently rely too heavily on
linear correlation and regression techniques. It is sug-
gested that understanding the way that ENSO drives
Indian Ocean dynamics and in turn rainfall, and im-
proving our capability to simulate these processes, may
lead to the development of predictive scenarios for East
African climate that could have significant economic
implications.
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