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1.  INTRODUCTION

Africa’s climate falls under the influence of Atlantic
and Indian Ocean circulations, and its equatorial
convection (Fig. 1) responds to the bi-annual passage
of the Hadley Cell (Hirst & Hastenrath 1983a, Has-
tenrath et al. 1993, Camberlin et al. 2001, Riddle &
Cook 2008, Jury 2010). Warm Atlantic waters are
confined to the Gulf of Guinea (Fig. 1c) and equato-
rial rainfall there (10° E) can exceed 200 mm mo−1. In
contrast, the East African highlands (35° E) receive
half that amount, despite inflow from the Indian
Ocean. Cloud bands may extend from the Congo
Basin into the highlands, depending on upper winds
modulated by the El Niño Southern Oscillation
(ENSO) and sea surface temperatures (SST) in the
east Atlantic (Hirst & Hastenrath 1983b, Camberlin et
al. 2001, Jury et al. 2002, Rouault et al. 2003, Todd &
Washington 2004, Jury & Mpeta 2009).

Two types of Atlantic Ocean variability have been
identified: a north−south dipole across the subtropics
(Servain et al. 1982) and an equatorial mode (Zebiak
1993), both having external teleconnections (Enfield
& Mayer 1997, Chang et al. 2000, Saravanan &
Chang 2000, Sutton et al. 2000). The Atlantic equato-
rial mode is a zonal see-saw similar to the Pacific
ENSO (Hirst & Hastenrath 1983b, Carton & Huang
1994, Latif & Grötzner 2000), but much smaller ac -
cording to basin size, cooler SST and weak vertical
motions. The prevailing easterly winds generate an
equatorial cold tongue and a thermocline that slopes
upward toward Africa. When the South Atlantic anti-
cyclone weakens, warm water spreads into the Gulf
of Guinea and convection over the equatorial
Atlantic intensifies.

Characteristics of the 2 rainy seasons over the East
Africa highlands are diverse. While the Sep−Nov
rains can be traced to circulation anomalies of the
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Indian Ocean and ENSO, the Mar−May rains exhibit
inconsistent links with the climate system (Camber-
lin & Okoola 2003). As a motivation for the present
study, Rourke (2011) found that 75 million people in
Ethio pia and Kenya have been affected by drought,
which occurred a disproportionate 50% of the years

from 1980−2009. Expanding on earlier
studies (Camberlin & Okoola 2003),
this paper demonstrates how tropical
East African convection couples with
centers of action over the Atlantic and
Indian Oceans, to offer predictability
despite the annual hiatus in Pacific
ENSO influence (Webster 1995). The
main goal was to better understand
the controls of the March to May ‘long’
season rainfall in southeast (SE)
Ethiopia and the ensuing early sum-
mer crop production. Gadain & Jama
(2009) and Jury (2014) previously de -
scribed the hydrological impacts of cli-
mate variability in this region. 

2.  DATA AND METHODS

The global land-only Climate Haz-
ards Group InfraRed Precipitation with
Station (CHIRPS v.2) rain fall dataset
(Funk et al. 2014) forms the basis of this
study. It incorporates numerous Na-
tional Meteorological Service gauges,
which form a dense network over
Ethiopia and northern Kenya, and uses
multiple satellite observations and a
sophisticated model to interpolate rain-
fall to a 5 km resolution for the period
1981−2014. The target area was based
on that delimited by Jury & Mpeta
(2009) who used objective cluster
analysis of monthly rainfall over Africa.
The homogeneous zone, exhibiting a
twice-yearly seasonal cycle within
Ethio pia, covers the area 3−8° N and
37−  43° E (see Fig. 2a). Its Mar−May
rainfall time series is the basis for sta-
tistical studies, including wavelet spec-
tral energy. The mean annual cycle
was compared for satellite vegetation
fraction at 0.1 degree resolution
(Tucker et al. 2005), and monthly po-
tential eva po ration from the European
Community Medium-range Weather

Forecasts Interim (ECMWF) re analysis at 0.8 degree
resolution (Dee et al. 2011).

Climatic drivers were analyzed by point-to-field
correlation of the reference Mar−May rainfall time
series with detrended fields of monthly SST at 1 de-
gree resolution from the Hadley Centre (HadISST v.1;
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Fig. 1. Mar−May mean (a) rainfall over land, (b) vegetation fraction, (c) sea sur-
face temperature (SST) and 850 hPa winds over land (largest vector 10 m s−1).
Values <70 mm mo−1 and <0.3 are omitted in (a) and (b), respectively. The en-
closed area in (b) is SE Ethiopia; (c) has smoothed topographic contours >1000 m
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Kennedy et al. 2011), NOAA-interpolated outgoing
longwave radiation (OLR) (Liebmann & Smith 1996),
as well as sea level air pressure (SLP) and 200 hPa
zonal winds from ECMWF (interim) reanalysis. Both
precursor and simultaneous climatic controls of
March to May rains were investigated. Forecasts in
January are ideal, so predictors were drawn from the
preceding October to December season. Pair-wise
and point-to-field correlations were evaluated by a
Pearson product-moment 2-tailed test: with 33 de-
grees of freedom, 90% confidence was reached with
r > |0.28|. The correlation maps guide the extraction
of predictors but do not imply pair-wise causality.

A total of 7 predictors were assembled from the
5 mo lead correlation maps over a training period of
34 yr (1981−2014; Table 1). A statistical algorithm
was formulated via backward stepwise linear regres-
sion onto the SE Ethiopia rain time series, similar to
the methods of Gitau et al. (2015). After elimination
of insignificant and co-linear predictors, an optimal
fit of Mar−May rainfall was reached using 3 predic-
tors. The performance of the multivariate linear algo-
rithm was evaluated for adjusted r2 fit, as well as ter-
cile hits and misses. The stability of correlation for
our 3 predictors and 3 known climatic indices — NAO
(North Atlantic Oscillation; Wallace & Gutzler 1981),
MJO9 (Madden Julian Oscillation at 20° E; Wheeler
& Hendon 2004), and MEI (Multivariate ENSO Index;
Wolter 1987) — was calculated from −6 to +4 mo.

To study the regional climatic controls on inter-
 an nu al variability in the Mar−May season, composites
were analyzed for SE Ethiopia wet and dry periods
corresponding with algorithm tercile hits (observa-
tion− model agreement). Wet seasons included 1981,
1982, 1985, 1990, 2006 and 2013; dry seasons were
1984, 1999, 2000, 2008, 2009 and 2011. The Mar− May

composite sample represented 35% of the total (36
mo). Composites were analyzed for National Centers
for Environmental Prediction (NCEP) winds and near-
surface velocity potential (Kanamitsu et al. 2002),
NOAA SST and OLR, and ocean reanalysis data
(Behringer 2007) on a depth section in the tropical
South Atlantic. In the composites, areas of small dif-
ferences are unshaded or have small vectors. Details
of the March−April 1981 flood were studied using the
CHIRPS daily rainfall, monthly anomalies of NOAA
OLR and 700 hPa winds, and ECMWF latent heat flux.

3.  RESULTS

3.1.  Rainfall, correlation maps and prediction

The mean annual cycle of SE Ethiopia rainfall,
potential evaporation and vegetation fraction is com-
pared in Fig. 2b. Rainfall exhibits a bi-modal trend
with a larger peak in Mar−May corresponding with
southeast upslope winds. Vegetation follows the
rain fall with a 1 mo lag. Potential evaporation ex -
ceeds rainfall except at the bi-modal peaks. Most
importantly, maximum evaporation occurs from
Jan−Mar, so the rainy season always starts with
an accumulated deficit. The Mar−May mean Had -
ley circulation is quite shallow, with convergence-
and orographic-induced uplift extending to 600 hPa
(Fig. 2c). There is a distinct northward orientation to
the flow below 600 hPa. The overturning circulation
is flattened by subsidence above the Turkana Valley
(2° N) (Kinuthia 1992, Indeje et al. 2001), and there
is a dry layer (relative humidity, RH < 20%) from
500− 300 hPa due to entrainment of desert air from
the Arabian Peninsula.

The SE Ethiopia Mar−May rainfall
record (Fig. 3a) and wavelet spectra
from 1981−2014 (Fig. 3b) starts with a
noteworthy flood followed by dimin-
ishing fluctuations (cf. Lyon & deWitt
2012). Considerable variability is evi-
dent, with drought in 1984, 1992,
1999− 2000, 2008−2009 and 2011 con-
trasting with wet seasons in 1985−
1990, 1995− 1997, 2006, 2010 and
2013. The spectral energy exhibits
weak periodicity at 2, 4 and 7 yr, typ-
ical of a chaotic mixture of climate
forcings. The 2−4 yr spectral energy
that is coherent in the early and late
part of the record (Fig. 3b) is rela-
tively weak from 1990 to 2005.
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                SE MAM  c Pac T nw Pac T   s At T   w Pac P   s IO P   n IO U2

c Pac T       0.030                                                                                        
nw Pac T     −0.423     0.179                                                                         
s At T         0.444     −0.116    −0.032                                                         
w Pac P      −0.493    −0.143     0.411     −0.154                                         
s IO P         −0.526    −0.106     0.109     −0.131     0.362                        
n IO U2      0.373     0.656     −0.099     0.038     −0.278    −0.249          
ne At U2      0.287     0.414     0.009     0.136     −0.227    −0.151     0.529

Table 1. Pairwise cross-correlation of all Oct−Dec predictors and SE Ethiopia
Mar−May (SE MAM) rainfall. Significant values above 90% confidence are
shown in bold. The first group represents the sector (c: central, nw: northwest,
s: south, w: west, n: north, ne: northeast), the second group is the ocean basin
(Pac: Pacific, IO: Indian Ocean, At: Atlantic), and the third group is the variable
(T: sea surface temperature, P = sea level air pressure, U2: 200 hPa zonal wind). 

Predictors that were ultimately selected are shown in bold
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Point-to-field correlation maps at precur-
sor and simultaneous times (Fig. 4a−d)
illustrate the features anticipating changes
in (detrended) Mar−May rainfall, and offer
guidance in the extraction of predictors.
Values below 90% confidence are masked.
In the global SST field there is a negative
signal east of China, and a narrow positive
zone in the South Atlantic in the preceding
Oct−Dec. In the global SLP field, a nega-
tive signal extends across the South Indian
Ocean. All these predictors are extra-trop-
ical (Fig. 4a,b). In the simultaneous season
(Fig. 4c,d), the North Atlantic exhibits a
SST dipole indicative of a northward shift
in the anticyclone (signified by −NAO),
while in the South Indian Ocean there is a
cool/east−warm/west gradient reminiscent
of +SIOD (South Indian Ocean dipole;
Behera & Yamagata 2001). The SLP field
exhibits a marked high pressure signal
over west Africa and the Gulf of Guinea.
There is also a positive SLP belt near the
Maritime Continent related to ENSO.
Simultaneous upper zonal wind correla-
tions are positive (westerly) over the tropi-
cal Indian Ocean (data not shown) consis-
tent with the known influence of Pacific
ENSO. Pair-wise cross-correlations at vari-
ous lags are covered below.

Extracting the predictors and calculating
the hindcast multivariate regression after
co-linear screening and step-wise reduc-
tion, the algorithm accounts for 55% of
Mar− May rainfall variability (cf. Fig. 3a)
and hits the correct above (below) normal
tercile 70% (80%) of the time for the
period 1981−2014. The NW Pacific (20−
40° N, 120−145° E) and South Atlantic (30−
40° S, 40° W−10° E) SST have a similar
influence (−0.36, +0.37) while the South
Indian Ocean (37−50° S, 45−120° E) SLP
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has a greater impact (−0.43). The model outliers in -
clude 1993 and 2010. When the model is re-com-
puted without the last and first 7 yr, the r2 fit changes
from 58 to 42% respectively, indicating a weakening
of predictability (growing error bars in Fig. 3a).

Lag correlation analysis of the predictors and cli-
mate indices with the target rainfall is provided in
Fig. 4e. Of the known climate indices, the NAO,
MJO9 (20° E) and MEI exhibit relationships: the
NAO and MJO9 become significant at a 1−3 mo lead,
while the MEI influence is weakly positive — hence
El Niño in the preceding Dec−Feb is favorable for SE
Ethiopia Mar−May rainfall. Considering the predic-
tors found here, the NW Pacific SST (off China) is
most stable and remains negatively correlated from
−6 to +1 mo lag. Both the South Indian Ocean SLP
and South Atlantic SST are significantly related to
the target rainfall at long lead times and represent
mid-latitude trigger points that subsequently trans-

late into an equatorial anomaly. The fol-
lowing section provides insight to links
between pre- and in-season climatic
determinants.

3.2.  Composites and the Atlantic
influence

To understand the factors behind
ano malous seasons, the 6 wettest minus
6 driest composites were constructed
(Fig. 5). The Mar−May rainfall in east
Africa is sympathetic with convection
over the West Indian Ocean and Ara -
bian Peninsula (Fig. 5a). There is oppo-
sition with convection over the tropical
At lan tic Ocean, where upper westerly
winds are strong and subsident
(Fig. 5b,e), and potentially related to
ENSO (Jury et al. 1994). Over the South
Atlantic, the near-surface velocity po -
tential is divergent (Fig. 5c) and SST
differences are negative with respect to
wet Mar−May seasons over SE Ethio -
pia. The composite maps reveal that
up welling off Angola generates a cold
plume that sweeps across the South At-
lantic (Fig. 5d), causing the air to be
much drier than usual (Fig. 5f).
Westerly flow rises from the Congo
Basin toward the Ethiopian highlands
(Fig. 5e). Although circulation differ-
ences over the West Indian Ocean are

toward Africa, the Atlantic Ocean appears to exert
greater control over Mar−May rains in East Africa.

Composite differences were calculated using ocean
reanalysis data over the tropical South Atlantic (Fig. 6)
based on the same 6 wet and 6 dry seasons. Cooling
of the South Atlantic is strongest in the northern
Benguela Current off Angola (10° E) in a shallow layer
about 40 m deep. There is a zonal overturning ocean
circulation that exhibits upwelling on the east side of
the South Atlantic and anomalous westward currents
near the surface. In the area of the Angola dome
(10° E) there are positive salinity differences that ex-
tend to 80 m depth and northward near-surface cur-
rents that spread cool Benguela waters throughout
the basin, inhibiting convection over the tropical At-
lantic. Conversely, off Brazil (35° E) there are warm
differences near 80 m depth and corresponding south-
ward currents and fresh water. This oceanographic
 pattern is consistent with an Atlantic Niña condition
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(Keenlyside& Latif 2007) that is knowntobeseasonally
amplifiedduringsouthernautumn(Mar−May).

The Mar−Apr 1981 flood scenario is shown in
Fig. 7. The daily area-averaged rainfall time series
reveals multiple wet spells from early March to early
May 1981, with streamflows peaking in the second
half of April 1981 (data not shown). The map of
Mar−Apr 1981 OLR and 700 hPa wind anomalies
show equatorial westerlies from the Congo Basin
converging with southeasterlies from the Indian
Ocean. The Turkana Jet and its divergence (Indeje et
al. 2001) are eliminated. There are positive OLR
anomalies in the Gulf of Guinea, the source region
for westerlies crossing the dense vegetation of cen-
tral Africa that yield surface latent flux anomalies

greater than +35 W m−2 (Fig. 7b,c). Negative OLR
anomalies are <−35 W m−2 over SE Ethiopia, and ex -
tend northward into the Arabian Peninsula and lower
Nile Valley. The 700 hPa wind pattern around the
flood zone resembles a standing easterly wave, with
a poleward loop (reaching the Red Sea) enhancing
uplift over SE Ethiopia’s Bale Mountains.

4.  DISCUSSION

The bi-modal climate of SE Ethiopia was analyzed
for the period 1981−2014. This short record inhibits
the evaluation of cycles >7 yr (Fig. 3b), yet offers a
reliable target for hindcast prediction. The focus was

206

–0.2

–0.4

–0.6

0.0

0.2

0.4

0.6

43210–1–2–3–4–5–6

Lagging monthsLeading months

r

NAO MJO9 MEI

sIOP sATsst PACsst

SST SLP

a b

c d 

e 

sATsst
sIOP

PACsst

OND MAM

Fig. 4. (a,b) Precursor Oct−Dec (OND) correlation map for sea surface temperature (SST) and sea level air pressure (SLP)
(right). (c,d) Simultaneous Mar−May (MAM) correlation map for SST and SLP. Areas below 90% confidence are masked. (e)
Lag correlation of detrended climate indices and predictors; stippled: <90% confidence; precursor Oct−Dec = lag −5 mo



Jury: Determinants of rain in Ethiopia

on the March to May rainy season and its climatic
determinants.

Mean easterly flow from the warm (29°C) South
Indian Ocean tends to split in the Turkana Valley and
lift over the SE Ethiopia highlands, but convection
must overcome the shallow Hadley circulation and
dry layer above 600 hPa. The correlation maps for a
5 mo lead time distinguished 3 predictors in a multi-

variate algorithm that cover 55% of Mar−May rain-
fall variability, an improvement on earlier statistical
models. These predictors represent trigger points in
the global climate that suggest a reduction of convec-
tion over the East Atlantic Ocean and an increase
over the West Indian Ocean. Together, these oppos-
ing centers of action alter the circulation and extent
of the central African monsoon.
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Fig. 5. Composite wet minus dry Mar−May years, showing (a) outgoing longwave radiation (OLR), (b) 200 hPa wind (arrows
show direction only), (c) near-surface velocity potential (Vel pot), and (d) sea surface temperature (SST). Composite wet minus
dry Mar−May height sections averaged equatorially 10° S−10° N: (e) zonal circulation and (f) specific humidity (color) with  

topography. Years are labeled in (a−d); target area is given in (d); vertical motion is exaggerated 30-fold in (e)
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While the precursor correlation maps emphasize
extra-tropical influences, simultaneous composites of
extreme wet and dry seasons reveal the equatorial
Atlantic zonal ocean circulation and atmospheric
convection as determinants of SE Ethiopian Mar−
May rainfall. When upwelling strengthens in the
southeast Atlantic, the cold plume sweeps northward
into the Gulf of Guinea, thereby damping convection
in that area. This sets up a velocity potential gradient
across the central African monsoon, causing it to
expand toward the Rift Valley. While the Atlantic
Ocean influence prevails at an interannual time scale
(Fig. 5e), the Indian Ocean plays a key role at an
intra-seasonal time scale (Fig. 7b). Incoming easterly
winds rise over the SE Ethiopia highlands, and con-
verge with westerlies from the Congo Basin.

Ongoing predictor model development forms part
of further work in this area and should include vali-
dation using longer time series. Additional studies
could seek to understand the interaction between the
Atlantic equatorial and meridional modes, and mid-
latitude predictors (Fig. 4a,b) including the SIOD.
The 200 hPa westerly flow over the central Atlantic
(Fig. 5b) suggests influence from the Pacific ENSO
(Lyon 2014). If a mature El Niño persists into the
spring hiatus, then East Africa’s long rains tend to
multiply. Given the soil moisture deficit that accumu-
lates at the beginning of each year, agricultural pro-
duction would benefit from increased Mar−May
 rainfall. The predictability uncovered here can be
em ployed in better planning of farm effort.
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