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ABSTRACT

Observations and sea surface temperature (SST)-forced ECHAM5 simulations are examined to study the

seasonal cycle of eastern Africa rainfall and its SST sensitivity during 1979–2012, focusing on interannual

variability and trends. The eastern Horn is drier than the rest of equatorial Africa, with two distinct wet

seasons, and whereas the October–December wet season has become wetter, the March–May season has

become drier.

The climatological rainfall in simulations driven by observed SSTs captures this bimodal regime. The

simulated trends also qualitatively reproduce the opposite-sign changes in the two rainy seasons, suggesting

that SST forcing has played an important role in the observed changes. The consistency between the sign of

1979–2012 trends and interannual SST–precipitation correlations is exploited to identify the most likely lo-

cations of SST forcing of precipitation trends in the model, and conceivably also in nature. Results indicate

that the observed March–May drying since 1979 is due to sensitivity to an increased zonal gradient in SST

between Indonesia and the central Pacific. In contrast, the October–December precipitation increase is

mostly due to western Indian Ocean warming.

The recent upward trend in the October–December wet season is rather weak, however, and its statistical

significance is compromised by strong year-to-year fluctuations. October–December eastern Horn rain var-

iability is strongly associated with El Niño–Southern Oscillation and Indian Ocean dipole phenomena on

interannual scales, in bothmodel and observations. The interannual October–December correlation between

the ensemble-average and observed Horn rainfall 0.87. By comparison, interannual March–May Horn pre-

cipitation is only weakly constrained by SST anomalies.

1. Introduction

The eastern Horn of Africa (hereinafter ‘‘Horn’’) is

isolated from the rest of the continent by a chain of

mountains that includes the highest elevations of Africa

and is interrupted only by the relatively low Turkana

basin of Kenya, which extends northwestward into Sudan

(Fig. 1). The climate of the eastern Horn is also unusual,

with total annual precipitation being substantially lower

than in the rest of equatorial Africa (e.g., Hoerling et al.

2006) and with an annual cycle characterized by two

distinct wet seasons, with little to no precipitation in

between (e.g., Liebmann et al. 2012). The primary ag-

ricultural season, which is in the northern hemisphere

spring, is usually considered the ‘‘long’’ rainy season

and is also more reliable than the northern hemisphere

fall ‘‘short’’ rainy season. Indeed, crop failure in the

fall season occurs as often as once every 3 yr (e.g.,

Hutchinson 1992).

Local rains in the eastern Horn are the primary water

source for agriculture, there being limited groundwater,

streamflow from remote regions, and reservoir storage.

It is thus of great concern and consequence that rains

during the long rainy season have declined since 1979.

This situation has also highlighted the need to improve

predictions of the short and long rains, including
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a dynamical explanation for the drying, which would

increase the ability of early warning systems to identify

potential future droughts. This capacity would then al-

low them to preposition humanitarian assistance and

develop more effective contingency plans. This paper

represents an effort toward both of those goals.

It is has been previously established that, on in-

terannual time scales, the short rain season exhibits a re-

lationship with El Niño–Southern Oscillation (ENSO),

with El Niño conditions being associated with above-
average rainfall (Ogallo et al. 1988;Kiladis andDiaz 1989;

Hutchinson 1992; Hastenrath 2000; Indeje et al. 2000;

Mason and Goddard 2001). The Indian Ocean also plays

a role in short rain variability, arguably more important

than that of ENSO (Behera et al. 2005). Anomalously

warm sea surface temperatures (SSTs) in the western

equatorial Indian Ocean, together with cold SSTs in the

east, centered at about 58S—a pattern known as the In-

dian Ocean dipole (IOD)—force anomalous southeast-

erly trade winds that increase moisture supply into the

coastal plain, enhancing rainfall there (Saji et al. 1999),

with the western pole being of primary importance

(Ummenhofer et al. 2009). This association was not evi-

dent before the 1960s and has been strongest since the

late 1990s (Manatsa and Behera 2013). Black et al. (2003)

showed the relationship to be nonlinear, since extreme

rainfall events occur only when the gradient in absolute

SST (usually from west to east) is reversed. There is also

uncertainty as to whether ENSO and the IOD are in-

dependent phenomena (e.g., Goddard andGraham 1999;

Saji et al. 1999; Webster et al. 1999; Black et al. 2003;

Shinoda et al. 2004; Behera et al. 2005).

While substantial variability of East African short sea-

son rainfall can be explained by the IOD and ENSO, the

sources of variability in long rains are proving difficult to

pin down (Ogallo et al. 1988; Indeje et al. 2000; Camberlin

and Philippon 2002; Camberlin andOkoola 2003). Several

studies have documented a recent decline in spring (long

wet season) precipitation (Funk et al. 2005, 2008;Williams

and Funk 2011; Lyon and DeWitt 2012; Funk et al. 2013),

which has been attributed to concurrent increases in the

SST of the tropical western Pacific (Williams and Funk

2011; Lyon and DeWitt 2012; Lott et al. 2013). In this

paper we will show that the drying has affected all areas of

theHorn andwewill assess the role of oceanic warming in

greater detail. In contrast, fall wet season precipitation

will be shown to have increased, in agreement with Funk

and Verdin (2010).

This paper will analyze trends and interannual vari-

ability over the eastern Horn of Africa during both the

short and long rainy seasons for the period 1979–2012. It

will then examine the ability of a 40-member ensemble

simulation with an atmospheric general circulation

model (AGCM), run with specified observed SSTs, to

reproduce the observational findings. To identify the

oceanic regions most likely to have contributed to the

changes in SST, we will examine the consistency be-

tween the precipitation and SST trends and the covari-

ability on interannual time scales.

2. Observed and model data

Two monthly observational precipitation datasets are

used in this study. TheGlobal Precipitation Climatology

Centre (GPCC) provides gridded land precipitation

estimates based solely on station data. The 18 version is

used in the present study (Schneider et al. 2011, 2014). It

consists of the version 6 (V6) product through 2010 and

the monitoring product (fewer but more up-to-date

stations) through 2012. The gauge data are weighted

based on the inverse distance from the grid point

(Shepard 1968; Willmott et al. 1985). The second dataset

is the Global Precipitation Climatology Project (GPCP).

It is a combination of data from several different satellites

and Global Historical Climate Network (GHCN) and

Climate Anomaly Monitoring System (CAMS) data be-

fore 1986, and GPCC data thereafter (Huffman et al.

1997; Adler et al. 2003; Huffman et al. 2009). No

microwave-based estimates were used prior to 1987

(Adler et al. 2003). ThemonthlyGPCP data are available

at 2.58 resolution.
The quality of precipitation analysis depends critically

on the availability of station data. Even during the best-

sampled period (1980–90), ground-based observations

are sparse (fewer than 40 a month) in the eastern Africa

region (Fig. 2), leading to substantial spatial sampling

inhomogeneity. Even when more than 30 stations report

permonth, from about 1955 to 1990, they are concentrated

FIG. 1. Elevation in meters. Polygon represents the Horn region

analyzed in study.
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in the south and southwestern parts of the domain. Lately

there have been fewer than 10 observations per month.

The fact that there is an excellent correspondence between

GPCC and satellite-augmented GPCP data gives some

measure of confidence in the observations—although it

should be kept in mind that the two datasets are far from

independent. Additionally, recent studies based on denser

networks of national-level station data provide separate

confirmation of the long wet season precipitation declines

reported in this study (Funk et al. 2012; Viste et al. 2013).

The model utilized in this study is the ECHAM5 at-

mospheric model (Roeckner et al. 2006), run at spectral

T159 resolution (;18 in latitude and longitude). This

high spatial resolution is critical for properly repre-

senting the terrain effects on rainfall over East Africa

(Fig. 1). The only constraining information representing

observed conditions in the ECHAM5 simulations

is the SST and sea ice distribution and the external

radiative forcing associated with greenhouse gases

(CO2, CH4, O3, and NO2) and chlorofluorocarbons.

These are specified as time-evolving monthly boundary

conditions or forcing agents from January 1979 to De-

cember 2012. Climate simulations of this type are re-

ferred to as Atmospheric Model Intercomparizon

Project (AMIP)-style experiments and are designed to

isolate the component of atmospheric variability driven

by oceanic boundary forcing. In spite of the limitations

(i.e., the implied infinite oceanic heat capacity) of

AMIP-style experiments (Wang et al. 2005; Hurrell

et al. 2008), they remain the best option for studying SST

forcing of low-frequency atmospheric variability be-

cause simulated SSTs in coupled models that include

a dynamic ocean do not track those observed on an in-

terannual basis.

Key to this modeling technique for assessing the impact

of boundary conditions is an ensemble approach, whereby

the simulation is repeated several times, starting each run

from slightly different initial conditions but identical

boundary conditions. Four sets of 10-member ensembles

were performed. One employs the full forcing variability

described above, the second set is identical except sea ice

is kept fixed to a climatological seasonal cycle, the third

has full forcing except ozone is fixed to a climatological

seasonal cycle, and the fourth has full forcing except all

greenhouse gases are fixed to a climatological seasonal

cycle. For the present purposes, these four sets of exper-

iments have been verified to be indistinguishable and are

considered to be a single 40-member ensemble. All ref-

erences to model results then refer to the ensemble mean

unless otherwise specified.

The prescribed SSTs are derived from an observa-

tional dataset developed for boundary forcing experi-

ments with uncoupled models (Hurrell et al. 2008). It is

a merger of monthly mean values of SST and sea ice

coverage from the Hadley Centre Sea Ice and SST

(HadISST) dataset version 1.1 through 1981 (Rayner et al.

1996) with version 2 of the National Oceanic and Atmo-

spheric Administration (NOAA) weekly optimum in-

terpolation SST analysis (Reynolds et al. 2002).Winds are

from the National Centers for Environmental Pre-

diction (NCEP)–U.S. Department of Energy (DOE)

reanalysis (NCEP-2; Kanamitsu et al. 2002).

3. Results

a. Climatology and seasonal cycle

Total annual climatological precipitation estimates

for GPCP, ECHAM5, and GPCC for 1979–2012 (the

common period between model and observations) are

shown in Fig. 3. Large amounts fall over the mountains

but values on the plain generally do not exceed 500mm,

while the northeast Horn is semiarid. The ECHAM5

model (Fig. 3b) reproduces the annual climatology

reasonably well, both spatially and quantitatively. Key

features captured by the model are the maxima over the

mountains and the steep gradient toward prevailing

dryness on the plain, with the northeastern Horn being

drier than the southeastern Horn.

Monthly climatologies averaged over the four regions

outlined in Fig. 3 are shown in Fig. 4. The Ethiopian

highlands (Fig. 4a) exhibit a single summertime peak,

synchronouswith the timing of thewet season throughout

Sudano–Sahelian Africa (Liebmann et al. 2012), with

excellent agreement between the model and both ob-

servational datasets. In contrast, the second harmonic of

the annual cycle becomes large relative to the first

throughout the region east of the mountains as well as in

the Turkana basin (Figs. 4b–d). In particular, these re-

gions exhibit distinct double wet seasons, with compa-

rable peaks in spring and fall. There is good general

FIG. 2. Annual average monthly number of station reports used

by GPCC for each year (through 2010) within the Horn region

(shown in Fig. 1).
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correspondence between the seasonal cycles in obser-

vations and in the model, including the larger rainfall

totals in spring relative to fall—although model rainfall

is typically lower than observed, especially in fall, by

about 30%.

b. Recent change in Horn precipitation

Figure 5 shows the percent change (relative to mean

seasonal climatology) in March–May and October–

December total rainfall during 1979–2012 over eastern

Africa for each of the datasets, where change is defined as

the least squares fit linear trend multiplied by the length

of the series, in this case 34 yr. All three datasets indicate

that precipitation has decreased over the Horn region

during the long March–May rainy season (Figs. 5a–c),

although the model change is more modest and spatially

uniform than the observed estimate. Estimates of sta-

tistical significance are obtained by ranking the absolute

value of the change to that of 1000 randomizations of the

time series at each grid point. The 90% contour is shown

in Fig. 5. The significance tends to exceed that level

when the percent change is large, which is mainly over

the central and southern Horn in observations, andmost

of the region in the model.

For theOctober–December short rain season (Figs. 5d–f),

both observational datasets concur that precipitation

has increased throughout the Horn region. The model

change is also upward, but with a smaller percent in-

crease andmore uniform pattern than observations. The

90% level of significance is exceeded in a few areas near

the coast in observations and almost nowhere in the

model.

Time series of seasonal totals for each of the double-

wet-season regions are shown in Fig. 6. A distinct drying

trend is evident during March–May in each of the re-

gions and for both observations and model (Figs. 6a–c).

In the observations, spring 1981 (near the beginning of

the studied period) was particularly wet over all regions;

nevertheless, progressive drying is evident even dis-

regarding this extreme season. An equally pronounced

wet trend occurs during October–December in the

observations (Figs. 6d,f). Note the extremely wet

conditions observed during 1997 when both the strongest

El Niño (in terms of Niño-3.4) and the largest IOD event
(largest east-to-west temperature gradient) of the record
occurred. The model precipitation for this year is also the
wettest among all 34 yr of the simulation, although sub-

stantially weaker in magnitude than observations.

All three regions with a dual wet season regime have

a similar annual cycle (Fig. 4); moreover, for each wet

season, they display a change of the same sign over the

study period (Figs. 5 and 6) and their precipitation time

series bear a qualitative resemblance to each other

(Fig. 6). Therefore, a larger polygon that includes these

three regions is defined and the precipitation average

over that polygon (shown in Fig. 1) will henceforth be

called the Horn index. Furthermore, since the correla-

tion between GPCC and GPCP Horn indices is 0.96 for

March–May and 0.99 for October–December, hereafter

GPCCwill be referred to as ‘‘observations.’’ On average

the GPCC seasonal total is lower than GPCP by 21 and

14mm, respectively.

For reference, this Horn index is shown in Figs. 7a

and 7b. Note how the model’s weaker-than-observed

March–May trend arises from its failure to reproduce

the extraordinarily wet 1981 anomaly, but themagnitudes

of the ensemble-mean precipitation totals are otherwise

within the observed range. Using the same Monte Carlo

randomization technique as described above, trends for

all series are found to be larger than 97% of the ran-

domized trends (see also the Fig. 7 caption). For the

October–December season, instead, themodel systematically

FIG. 3. Average total annual precipitation (mm) for 1979–2012 for (a) GPCP, (b) ECHAM, and (c) GPCC. Polygons indicate areas over

which precipitation data are averaged.

1 DECEMBER 2014 L I EBMANN ET AL . 8633



underestimates the observed totals, although the pre-

cipitation change expressed in percent relative to the

seasonal mean (Fig. 5e) is closer to the observed (not

shown). All October–December changes are less sig-

nificant than the March–May changes as they exceed

only 75% of the randomized changes. On the other hand,

the (undetrended) correlation between the ECHAM en-

semble average and GPCC is 0.87 for October–December

but only 0.28 for March–May.

c. Oceanic forcing of Horn precipitation variability
and recent trends

Observed 1979–2012 SST changes for theMarch–May

and October–December seasons are shown in Fig. 8.

The patterns of change in these two seasons are quali-

tatively similar: the Indian and western Pacific Oceans

have warmed while the eastern Pacific has cooled, more

so in October–December than in March–May. The un-

equal changes across the Pacific in both seasons, im-

plying an increase in the east-to-west SST gradient, are

consistent with the strengthening of the Pacific Walker

circulation (increased convection and rising motion in

the western Pacific and subsidence in the east) that is

inferred to have occurred on recent 30–40-yr time scales

on the basis of observed changes in sea level pressure

(L’Heureux et al. 2013). Despite the similar patterns of

SST change, the precipitation trends in the Horn area

have opposite signs. For this reason, we analyze the

changes in the two seasons separately.

1) LONG SEASON (MARCH–MAY)

March–May average zonal winds (averaged from the

equator to 158N) from Africa to South America exhibit

a good agreement between ECHAM5 (Fig. 9a) and

NCEP (Fig. 9b). Over the Pacific, upper-level westerlies

and lower-level easterlies are evident, consistent with

a longitudinal, or Walker circulation forced by diabatic

heating over the warm SSTs of the western Pacific. Over

the eastern Indian Ocean, instead, there are upper-level

easterlies, stronger in NCEP than ECHAM, while low-

level winds are weak, also consistent with a zonalWalker

cell. The 1979–2012 changes (Figs. 9c,d) reveal enhanced

upper-level westerlies over the Pacific and an enhanced

easterly component over Indonesia and the IndianOcean

in both ECHAM and NCEP, although in ECHAM the

latter are stronger and more coherent than in NCEP.

Both changes, and in particular a maximum intensi-

fication of the westerlies coincident with the presumed

increase in convection (about 1208E), are consistent with
the nonlinear response to localized diabatic heating (e.g.,

Hendon 1986).

While an empirical analysis of observations alone

cannot be used to conclude that SST changes caused the

changes inHorn precipitation, the fact that theECHAM

model reproduces the observed decrease in rainfall

when forced with observed SSTs supports such a con-

clusion. Moreover, the multimodeling AMIP-type

study of Lyon and DeWitt (2012), in which Horn pre-

cipitation averaged over 1999–2009 was found to be

lower than in the period 1979–99, provides additional

evidence for such a causal connection during the long

rainy season.

Yet, the drying over the Horn is not a deterministic

response to the SST forcing as there are substantial var-

iations among ensemble members. Figure 10a is a histo-

gram showing theMarch–MayHorn precipitation change

for each of the 40 simulations, as well as the observed

change. The observed changes lie well within the range of

the model spread, with some runs yielding even stronger

drying than observed. The number of simulations that

agree in sign with the observations (37 of 40) lends

stronger evidence that the SST changes are responsible

for the observed decrease in precipitation. However,

a few runs (3) yielded increasing rainfall during 1979–

2012. The implication is that, whereas the most probable

outcome was for a drying, owing to a strong constraining

effect by the SST anomalies, atmospheric noise could

have led to a significantly different outcome in the single

realization of nature: more or less severe drying or even

no drying.

Our conclusion that the 1979–2012 SST changes have

played a role in driving the observed Horn precipitation

FIG. 4. Average monthly precipitation (mm) from 1979 to 2012 over regions outlined in Fig. 3.
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changes should be in agreement with relationships be-

tween rainfall and SST on interannual time scales, pro-

vided that the same physical mechanisms operate on both

scales. If an SST trend in a region influences rainfall in

another region, the interannual relationship between

those two variables should be consistent with the sign of

that trend (e.g., if warming SSTs are responsible for de-

creasing precipitation, the interannual correlation should

be negative). Prior to investigating that, however, we need

to identify the regions in which this SST change is large

relative to the magnitude of interannual SST variability

(otherwise the change signal will be lost) and also to

compare the model correlations with the observed cor-

relations in order to assess the realism of the model.

Figure 11a shows the normalized SST change, or the

ratio of the absolute value of the change to the in-

terannual standard deviation, for March–May. The SST

interannual variability is large compared to the long-term

change in the central to eastern tropical Pacific, while the

change is relatively large—and thus apt to be important in

forcing a corresponding change in precipitation—in the

western Pacific and Indian Oceans.

Simultaneous observed and simulated detrended 1979–

2012 correlations of March–May Horn precipitation with

SST and 200-mb vector winds (1mb 5 1 hPa) are shown

in Fig. 12. A two-sided t test implies significance at the

95% level for a correlation above 0.35; therefore vector

winds are plotted if the correlation with either wind

component exceeds 0.35. For the model simulations

(Fig. 12a), there are moderate (0.5–0.7) correlations of

Horn rainfall with SST near the equator in the western-

to-central Pacific andwestern IndianOceans. Instead, the

correlations between observed Horn precipitation and

SST are quite weak everywhere (Fig. 12b). This may be

due to sampling errors related to a small sample size:

indeed, correlations in individual model runs vary sub-

stantially, with some runs exhibiting patterns quite simi-

lar to the ensemble mean (Fig. 12c) while others display

patterns as weak as observed (Fig. 12d). On the other

hand, March–May observed Horn precipitation–SST

correlations for other comparable periods (1945–78

and 1911–44; not shown) are as low as for 1979–2012,

which suggests that the model relationship is too

strong. This discrepancy is consistent with the weak

FIG. 5. Percent precipitation change (trend 3 34 yr) relative to 1979–2012 average for (top) March–May and (bottom) October–

December: (a) GPCP, (b) ECHAM, and (c) GPCC. Cyan curves represent the 90% statistical significance level, as determined from

a 1000-randomization Monte Carlo test.
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correlation between observed and modeled Horn pre-

cipitation (Fig. 7a). A definitive answer to the question of

whether the lack of correspondence between the simu-

lated and observed correlations is due to sampling or

the absence of any real covariability cannot be given

but, as will be shown below, the comparison between

model and observations improves when using other

metrics.

FIG. 6. Interannual seasonal rainfall averaged over grid points within regions shown in Fig. 5 (except the Ethiopian

highlands) for (a) GPCPMarch–May, (b) ECHAMMarch–May, (c) GPCCMarch–May, (d) GPCPOctober–December,

(e) ECHAM October–December, and (f) GPCC October–December. Lines indicate linear least squares fit.

FIG. 7. Interannual rainfall averaged over the Horn region shown in Fig. 1 for (a) March–May and (b) October–

December. Change for each time series (mm) is indicated in the legend. The absolute value of the change exceeds

that of 1000 randomized series in March–May 99.0%, 97.2%, and 98.7%, and in October–December 80.3%, 75.6%,

and 83.6% for GPCP, the ECHAM ensemble average, and GPCC, respectively.
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We now return to the issue of comparing trends and

correlations by first noting that the 1979–2012 SST

change has been positive (a 34-yr change of 0.428C) in
the Indo-Pacific (square centered over Indonesia in

Fig. 8a) and is large compared to interannual variability

(Fig. 11a), suggesting that oceanic warming there may

be related to theHorn drying trend. On interannual time

scales, the simulated negative correlation between

March–May Horn rainfall and SSTs in this region

(Fig. 12a) likewise implies that warm interannual Indo-

Pacific SST anomalies are associated with drought con-

ditions in the Horn (i.e., the sign of the trends and the

interannual correlation is consistent). In the central Pa-

cific (rectangle centered on the date line in Fig. 8a),

March–May SST change has been near zero. Farther east,

SSTs have cooled (e.g., the Niño-3.4 change is20.418C),
but in this region the SST change is much smaller than

interannual variability (recall Fig. 11a), so even though

we might expect a related decrease in Horn precipitation

on the basis of the strong positive correlations (Fig. 12a),

the signal should be dwarfed compared to year-to-year

variations.

Moreover, the effect that these various Pacific SST

conditions have on eastern Africa March–May rainfall

may represent not so much the isolated impact from any

single region as the collective effect associated with

changes in the zonal SST gradient between the western

and central Pacific. The notion that an enhanced gradient

in SST is more apt to cause increased low-level conver-

gence than uniform warming is supported by several

studies of tropical climate variability. For instance, the

zonal gradient of SST in the tropical Pacific has long been

recognized as critical to the ENSO phenomenon, via

induced changes in the Pacific cell of the Walker circu-

lation and in the associated regions of anomalous low-

level convergence (divergence) where precipitation is

enhanced (decreased) (e.g., Lindzen and Nigam 1987;

Hoerling et al. 2010). Likewise, in the Indian Ocean,

when the entire Walker circulation shifts westward in

response to an enhanced east–west SST gradient in the

western Pacific, subsidence associated with the Indian

Ocean cell of the Walker circulation should increase

over the eastern Horn, thereby suppressing precipita-

tion, as hypothesized in Williams and Funk (2011) and

Hoell and Funk (2013, 2014). [A caveat to this argument

is that Hastenrath (2000) found no evidence of a clima-

tological Indian Ocean Walker circulation in boreal

spring during 1958–97, but note that his period of study

does not include the most recent 16 yr.]

To support this line of reasoning we first point out,

consistent with the idea that changes in the Indo-Pacific

Walker circulation affect easternHorn precipitation, that

both the model ensemble average (Fig. 12a) and obser-

vations (Fig. 12b) indicate positive correlations with the

200-mb zonal wind over the Indian Ocean (i.e., stronger

easterlies when Horn precipitation is below average).

Correlations with low-level winds (not shown) reveal

a weaker signal of opposite sign in the model and sparse

significant correlations in the observations. In keeping

with these results, in the individual run in which the SST–

Horn precipitation correlation resembles the ensemble

average (Fig. 12c), the anomalous (westerly) zonal flow

associated with a dry Horn also resembles the ensemble

average, whereas the run that has weak SST–precipitation

correlations (Fig. 12d) also has weak precipitation cor-

relations with the upper-level wind. On the other hand,

one could argue that the anomalous upper-level east-

erlies seen to the east of the Horn during periods of

reduced precipitation result from reduced horizontal

outflow.

Next, we present evidence that, in the model, the SST

gradient between the central and western Pacific is of

more importance in producing anomalous precipitation

over the Horn than the SST anomalies themselves. The

Indo-Pacific and central Pacific regions discussed above

are used to compute the average SST prior to calculating

FIG. 8. SST change (defined as in Fig. 5 in degrees Celsius) from 1979 to 2012 for (a) March–May [rectangle boundaries are 58N–58S,
1708–1208W (Niño-3.4); 108N–108S, 1558E–1558W; and 158N–158S, 1108–1458E] and (b) October–December (rectangle boundaries are

58N–58S, 1208–808W; 08–108S, 908–1108E; and 108N–108S, 508–708E). Thick black curves represent the 99% statistical significance level as

determined from 1000-randomization Monte Carlo test.
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an index of the west minus east difference. The corre-

lation between this SST gradient index and ensemble-

mean Horn precipitation is a highly significant 20.74.

Thus, in the ECHAM5 model, a strengthened east–

west SST gradient is associated with reduced Horn

rainfall. To again provide a complete comparison be-

tween the model and the observations, Fig. 13a shows

the distribution of individual correlations in the model

ensemble. The median is 20.42, substantially lower

than the ensemble average. The spread is large with

correlations ranging from 20.78, near the ensemble

average, to 20.01. The observed value is 20.22, which

again puts the observations within the model range but

at a low probability state.

Now recall that, concurrent with the drying trend in the

Horn, the March–May SST gradient has increased in the

western Pacific over the 1979–2012 period: the average

gradient is 0.338C higher in the post-1995 half of the re-

cord than in the first half (see also Fig. 8a). Overall then,

both the simulated and observed interannual correlations

provide support for the hypothesis that the observed

intensification of the March–May SST gradient in the

western Pacific has contributed to the decline in Horn

precipitation, via a strengthening of the convection

over Indonesia and associated Indian Ocean upper-

level easterlies (Fig. 9) and of the subsidence in the

descending branch of the Indian Ocean Walker cell.

Furthermore, the change in SST gradient seems to have

occurred mostly since the mid-1990s (not shown), in

line with Lyon and DeWitt (2012)’s claim that an

abrupt decline in east African March–May precipita-

tion took place at about this time [this rapid decline is

not so evident in our precipitation time series, nor in

Williams and Funk (2011), but Lyon andDeWitt (2012)

used a wider region that extends to 108S].
To the extent that the physics invoked involve large-

scale changes in rainfall and circulation over the Indo-

Pacific sector, a more adequate and direct measure

of the influence of the Indonesian branch of theWalker

circulation on precipitation in the Horn region is pre-

cipitation over Indonesia itself. Figure 13b is similar

to Fig. 13a, except that Horn precipitation is now cor-

related with precipitation averaged over the Indo-Pacific

square of Fig. 12. The observed, ensemble mean, and

FIG. 9. Mean zonal wind (averaged from the equator to 158N) for March–May (m s21) 1979–2012 for (a) the ECHAM ensemble average

and (b) NCEP. (c) As in (a), but for change (defined as in Fig. 5). (d) As in (c), but for NCEP.
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median correlation improve to20.38,20.81, and20.49,

respectively, and the spread of the correlations is no-

ticeably reduced compared to Fig. 13a. Thus, March–

May rainfall in the Horn region tends to vary out of

phase with rainfall over Indonesia in both model and

observations, the linkage between them being the

local Indian Ocean cell of the Walker circulation. This

result lends further credence to our attribution of the

Horn drying to an intensified Walker circulation in

response to an increased SST gradient. The improved

agreement between model and observations using this

Horn–Indonesian precipitation correlation as a metric

also yields a more favorable picture of the performance

of the model, thus justifying its use in this study.

2) SHORT SEASON (OCTOBER–DECEMBER)

Figure 10b shows the change in Horn precipitation

in each individual simulation for October–December.

The modeled peak of the distribution is closer to zero

than for March–May (Fig. 10a), although a majority of

members (34) yield a positive trend.While the observed

changes reside within the model spread, the observed

precipitation increase is an extreme outcome of the

model distribution. It is thus possible that the observa-

tions represent an extreme case of atmospheric noise,

superimposed on a weak SST-forced signal. Of course,

these inferences assume that the model response distri-

bution is representative of nature, a premise that cannot be

easily validated from the data alone.

Figure 14 shows that interannual October–December

rainfall variability is related to a very different structure

of SST anomalies than in March–May (Fig. 12). More-

over, the observed and simulated ensemble-mean cor-

relation patterns are now strikingly similar. The largest

positive correlations are located in the western Indian

and far eastern Pacific Oceans—the latter displaying

a strongENSO signature, albeit weaker than in nature—

while the largest negative correlations are found in the

far eastern Indian Ocean. The rectangles in the Indian

Ocean represent the poles of the IOD as defined by Saji

FIG. 10. Histogram of number of runs exhibiting change in the Horn region for each 25-mm category for (a) March–May

and (b) October–December; The circle and cross denote GPCC and GPCP change, respectively.

FIG. 11. Ratio of SST change (Fig. 8) to interannual standard deviation for (a) March–May and (b) October–December. Trends are

included in calculations.
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et al. (1999) and used in subsequent studies. The

correlation pattern indicates that positive precipitation

anomalies in theHorn occur when the IndianOceanwest-

to-east SST gradient is strong, signaling a strong IOD,

consistentwithmany previous studies (e.g., Saji et al. 1999;

Black et al. 2003; Behera et al. 2005).

The (undetrended) correlation between the IOD (av-

erage SST in the western box minus that in the eastern

box) and Horn precipitation is 0.74 for the ensemble

average and 0.80 in GPCC, while the correlations be-

tween SST within the eastern Pacific rectangle and Horn

precipitation are 0.51 and 0.64, respectively, suggesting

the dominance of the IOD. Consistent with the strong

correlations between Horn rainfall and SST in both the

model and observations (Fig. 14), the correlation be-

tween model and observed rainfall is 0.87 (see Fig. 7b).

The low-level wind anomalies in the Indian Ocean as-

sociated with enhanced Horn precipitation have an east-

erly component (Fig. 14) in both model and observations,

consistent with an anomalous east-to-west SST gradient.

Hastenrath et al. (2007) showed that for the short wet-

season drought of 2005 the observed wind anomalies

were of the opposite sign (i.e., low-level westerlies in the

Indian Ocean), implying subsidence over the eastern

Horn. Hastenrath et al. (1993) found a strong negative

correlation (r 5 20.85) between rainfall at the coast of

East Africa and surface westerlies over the equatorial

Indian Ocean during the short rainy season. Goddard

and Graham (1999) who used a suite of atmospheric

models forced with different configurations of SST,

however, caution that these westerly winds and the

Indian Ocean SSTs that appear quite important in

driving Horn precipitation anomalies are themselves

covariant with eastern Pacific SSTs.

The observed upward trend in October–December

Horn precipitation appears to be consistent with the

observed unequal warming across the Indian Ocean

(Fig. 8b). Between 1979 and 2012 the western Indian

Ocean SST index has increased by 0.488C while the east-

ern index has increased by only 0.268C. Given the strong

positive correlation between Horn precipitation and IOD

index, this change should have resulted in increased pre-

cipitation, as indeed has occurred. The observed pre-

cipitation trend, however, is inconsistentwith the observed

cooling in the eastern Pacific, since the positive correla-

tions in that region (Fig. 14b) suggest that a negative SST

trend should result in decreased Horn precipitation.

Note, however, that the trend in the eastern Pacific in

this season is small compared to interannual fluctuations

(Fig. 11b). Thus, invoking the same argument as to why

SST trends in this region do not impact Horn pre-

cipitation in spring (i.e., the effect is dwarfed by that of

interannual variability), we argue that the 1979–2012

changes in fall precipitation were largely controlled by

the IndianOcean SSTs, which exhibit a large normalized

change and an interannual relationship with Horn pre-

cipitation of the expected sign.

4. Summary and discussion

Eastern Horn of Africa rainfall, including its season-

ality, variability, and change during 1979–2012, has been

FIG. 12. Simultaneous correlation of precipitation in the Horn region with SST (shading) and 200-mb wind (vectors) for March–May:

(a) ECHAM ensemble average, (b) GPCC, and (c),(d) selected runs. All data have been detrended prior to calculation. The rectangle

over the Indo-Pacific region is referenced in Fig. 13. Reference vector is shown in lower right of (a).
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analyzed using GPCC observations and a 40-member

ensemble of ECHAM5 SST-forced atmospheric simu-

lations. The model is deemed a particularly suitable tool

for this study owing to the realism of its climatological

seasonal cycle of rainfall over eastern Africa. The model

is also considered an essential diagnostic tool to estab-

lish plausible causes for rainfall variations during a pe-

riod in which precipitation has dramatically declined

over eastern Africa.

The model’s ensemble average reproduces the pro-

nounced observed decrease in the eastern Horn of

Africa’s long wet season rainfall (March–May) during the

recent 34-yr period, with drying in almost every indi-

vidual member. The observational evidence for strong

drying thus hasmodeling support and themodel provides

the additional evidence that the direction toward a de-

cline in spring rains has been fundamentally determined

by changes in SST. In contrast, the ensemble model

simulates a weak, mostly statistically insignificant, in-

crease in easternAfricaOctober–December short-season

rains over the same 34-yr period. Observations suggest a

larger absolute, as well as fractional, increase than indi-

cated by the model.

The search for SST relationships with Horn rainfall

variability and for SST attribution of observed precipita-

tion changes was conducted via a standard analysis of the

simultaneous detrended interannual correlations, com-

bined with an assessment of the relative magnitude of SST

trends and interannual variability. For the March–May

model ensemble-average Horn precipitation, this analysis

reveals moderate correlations, in some locations explain-

ing up to 40% of the variance, in the central and western

Pacific. Some of the largest correlations are found in a re-

gion near Indonesia that also exhibits large positive SST

trends and their negative sign is consistent with the drying

trend of the Horn (i.e., warm SSTs are associated with

below-normal precipitation in the Horn).

The observed March–May interannual correlations

betweenHorn precipitation and SST are small, but within

the range of the individual runs, so the true SST–rainfall

relationship may be stronger than suggested by the few

recent decades of data. Correlations between Horn pre-

cipitation and SST for previous periods are equally weak,

however, suggesting that the lack of observed correla-

tion is not a sampling issue, but rather is indicative of the

weak nature of the true relationship and implies that

the model relationship is too strong. On the other hand,

the detrended correlation pattern for the second half

(1996–2012) of the period of interest (Fig. 15) is quite

similar to the ensemble average in the Pacific (which

might be the result of fortuitous sampling). Assuming 15

degrees of freedom, a correlation of 0.5 is easily signifi-

cant at the 95% level using a two-sided t test. While we

are fully cognizant of the dangers of using such a short

period and therefore reserve judgment, it is nonetheless

an intriguing correspondence.

Still, our results suggest a stronger interannual link

(model ensemble-average correlation of 20.74,

FIG. 13. Histogram showing the correlation for each of the individual ensemble members between precipitation in

the Horn region and (a) the SST gradient and (b) precipitation in the rectangle representing the Indo-Pacific warm

pool region shown in Fig. 12. Trends are included. In both figures the circle indicates the correlation using obser-

vations (the Indo-Pacific index in Fig. 13b is calculated fromGPCP),M indicates median correlation, and E indicates

ensemble average correlation.
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observed correlation of 20.22) between March–May

Horn precipitation and the magnitude of the east–west

SST gradient across the equatorial western Pacific than

with individual centers. This finding supports the hy-

pothesis advanced inWilliams andFunk (2011) andHoell

and Funk (2013) that an enhanced zonal SST gradient

induces an intensification of convection over the Indo-

Pacific warm pool, which then leads to increased sub-

sidence over eastern Africa. On the basis of these strong

model correlations and the observed increase in the SST

gradient, we thus view the spring Horn drying as a re-

sponse to differential 1979–2012 warming in the western

Pacific characterized by more pronounced warming near

Indonesia. That strong observed correlations for the

second half of the period (Fig. 15) coincide with the in-

creased SST gradient is then consistent with the

‘‘emerging’’ sensitivity to the gradient as described by

Hoell and Funk (2013) and Funk et al. (2013).

Considerations regarding the relative dominance of

change compared to interannual variability are invoked

to argue that, even though the short October–December

rains are strongly positively correlated with both ENSO-

related SST anomalies in the tropical eastern Pacific and

with the IOD (in agreement with numerous previous

studies), the 1979–2012 increase in rainfall can bemostly

attributed to the warming in the western Indian Ocean.

Of the three highlighted SST regions related to in-

terannual Horn variability (Fig. 14), only in the western

Indian Ocean is the SST change large compared to in-

terannual fluctuations and the sign of the interannual

correlations with Horn precipitation consistent with the

observed trends.As inMarch–May, interannualOctober–

December correlations between Horn precipitation and

SSTs have increased for the second half of the record (not

shown).

The recent increase in October–December eastern

Horn rainfall also seems to be related to an enhanced SST

gradient, but in this case across the Indian Ocean, as

measured by the strength of the IOD. Black et al. (2003)

argued that the relationship is nonlinear, because only

those seasons exhibiting positive east-to-west gradients

(the gradient is usually negative) have anomalous (ex-

cessive) precipitation. Nonetheless, for the recent period,

the linear relationship between the dipole and Horn

precipitation is strong.

A related question of great practical interest is what the

model simulations suggest for the prospects of skillful

seasonal forecasting of eastern Africa rainfall. Climate

specialists nowmeet on amonthly basis to assess the East

African climate outlook and generate scenarios and as-

sumptions that food security analysts use to develop

famine prevention strategies.While the necessary climate

science is still being developed, the consistent ECHAM5

SST–Horn rainfall relationships explored here may

eventually help to provide improved early warning.

Our interpretation of the observed post-1979 eastern

Africa March–May downward rainfall trend is that the

drying was a deterministic response to the SST forcing,

insofar as over 90% of the 40 individual runs subjected

to observed SST changes (and external radiative forc-

ing) simulated a drying trend, although themagnitude of

the drying is substantially influenced by random atmo-

spheric variability, as implied by the fact that the observed

interannual correlations are low (weaker than 0.3). The

salient characteristic of the SST anomalies conducive to

March – May eastern Africa drying in our model simula-

tions is a zonal gradient in the equatorial west to central

Pacific. The warming that has occurred since 1979 is also

characterized by a greater warming of the western Pacific

relative to the central Pacific, which should have strength-

ened the atmosphericWalker circulation and enhanced the

drying beneath its descending East African branch. Our

results thus build on the existing evidence for a mainly

Pacific-basin cause for the recent decline in Horn long

season rains (Lyon and DeWitt 2012; Hoell and Funk

2013, 2014). Also, contrary to recent studies proposing

that the Indian Ocean exerts a primary influence on

East African rainfall on multidecadal and longer time

scales (Tierney et al. 2013), SST changes since 1979 in

the IndianOcean do not appear to have been the major

FIG. 14. As in Fig. 12, but for October–December; polygons are for the domains 108N–108S, 508–708E; 08–108S, 908–1108E; and 58N–58S,
1208–808W, and winds are at low level (10m in model; 1000mb in observations). Reference vector is shown in lower right of (a).
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driver of the recent spring drying trend over the Horn

region.

A quantitative evaluation of the extent to which recent

East African March–May drying originated from mostly

natural decadal ocean variability or resulted from human-

induced changes in ocean conditions cannot be provided

by this analysis alone. The pattern of observed SST

changes since 1979, with a steeper zonal gradient between

the central andwesternPacificOcean (Fig. 8), towhich our

model simulations responded with East Africa drying,

closely resembles the long-term trend pattern observed

since 1901 (e.g., Compo and Sardeshmukh 2010; Solomon

and Newman 2012). Evidence indicates that intrinsic nat-

ural decadal variability (e.g., Dai 2013; Lyon et al. 2013)

has increased the gradient by cooling the central Pacific. A

new modeling study with the Community Atmosphere

Model, version 5 (CAM5; Funk and Hoell 2014, manu-

script submitted to J. Climate), driven with SST changes

associated with the first empirical orthogonal function of

1900–2012 SST after the influence of ENSO has been re-

moved using regression (characterized by an SST gradient

in the western Pacific), indicates that both components can

enhance subsidence and force drying over East Africa, via

the same Walker cell mechanism that appears to operate

in our model.

A qualitative argument is nonetheless defensible,

namely that the observedMarch–MayHorn drying since

1979 has resulted from the region’s sensitivity to a pat-

tern of differential SST warming related to both long-

term climate change and natural decadal variability.

Such a view is consistent with a recent modeling study of

the 2011 East African drought by Lott et al. (2013), who

argue that human influences increase the odds that the

long rains will be below average. The magnitude of that

effect, however, was found to be sensitive to the exact

pattern of SST change that was employed in their

modeling experiments, again emphasizing the impor-

tance of better understanding the precise nature of the

SST forcing itself.

An increased west-versus-east tropical Pacific warming

is also present in the pattern of SST change observed

since 1901 (not shown) and this can be contrastedwith the

response of coupled ocean–atmosphere models to his-

torical forcing [i.e., simulations from phases 3 and 5 of the

Coupled Model Intercomparison Project (CMIP3 and

CMIP5)], which is spatially more uniform (e.g., DiNezio

et al. 2009; Hoerling et al. 2010). Thus, it remains an open

question to what extent the long-term observed changes

in Pacific SST since 1901 reflect human-induced climate

change. More research will be needed to explain the

observed centennial SST trends and reconcile them with

the expected effects of anthropogenic forcing. Resolving

the discrepancies between centennial SST trends and

CMIP5 predictions will help elucidate the relative contri-

butions of natural variability and anthropogenic change.

Recent studies with CMIP-forced regional models (e.g.,

Cook and Vizy 2012, 2013) report rainfall-reducing

changes in Congo basin/Somali jet moisture transports

and substantially shorter crop growing seasons. Future

analysis could perhaps combine the types of historical

AGCM analyses presented here, or AGCM trend ex-

periments (Funk and Hoell 2014, manuscript submitted

to J. Climate) with regional climatemodel simulations to

better understand the plausible trajectory and long-term

change of precipitation in this drought-sensitive region

under global warming.

Another interesting unanswered question awaiting

further research arises from the qualitative similarities in

the SST change patterns for the two seasons (Fig. 8). It is

not known whether the opposite sign of the Horn pre-

cipitation changes arises from differences in circulation

climatologies, and therefore different sensitivities to SST

changes, or from differences in the details of SST changes.
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