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ABSTRACT

The 1981–2014 climatology and variability of the March–May eastern Horn of Africa boreal spring wet

season are examined using precipitation, upper- and lower-level winds, low-level specific humidity, and

convective available potential energy (CAPE), with the aim of better understanding the establishment of the

wet season and the cause of the recent observed decline. At 850mb, the development of the wet season is

characterized by increasing specific humidity and winds that veer from northeasterly in February to southerly

in June and advect moisture into the region, in agreement with an earlier study. Equally important, however,

is a substantial weakening of the 200-mb climatological easterly winds in March. Likewise, the shutdown of

the wet season coincides with the return of strong easterly winds in June. Similar changes are seen in the daily

evolution of specific humidity and 200-mb wind when composited relative to the interannual wet season onset

and end, with the easterlies decreasing (increasing) several days prior to the start (end) of the wet season. The

1981–2014 decrease inMarch–May precipitation has also coincided with an increase in 200-mb easterly winds,

with no attendant change in specific humidity, leading to the conclusion that, while high values of specific

humidity are an important ingredient of the wet season, the recent observed precipitation decline has resulted

mostly from a strengthening of the 200-mb easterlies. This change in the easterly winds appears to be related

to an increase in convection over the Indonesian region and in the associated outflow from that enhanced

heat source.

1. Introduction

Understanding the mechanisms driving precipitation

variability and change in the Horn of Africa is a pressing

matter. Local agriculture is primarily rain fed (e.g., Mati

2005), and rainfall amounts have always been too vari-

able to allow for consistent ‘‘food security’’ (Funk et al.

2008). Any future changes in precipitation totals, and/or

in their temporal and spatial distribution, would further

threaten food security, a situation compounded by al-

terations in land use and population growth (e.g.,

Maltima et al. 2009).

The low-lying eastern Horn of Africa region is sin-

gular in several respects. First, as shown in Fig. 1a, the

region is almost completely cut off from the rest of the

continent by a ring of mountains that includes some of

Africa’s tallest peaks and is broken only by the Tur-

kana Valley in northwestern Kenya. Second, the re-

gion is arid to semiarid, in stark contrast with the rest

of near-equatorial Africa (e.g., Nicholson 1996). Last,

the precipitation regime is characterized by two dis-

tinct wet seasons, even in its northern section located

well north of the equator; elsewhere at this latitude

(;108N), rainfall occurs almost entirely as a single wet

season during June–September. The distinctive pre-

cipitation regime and orography of the Horn of Africa

region are related in ways that involve multiple pro-

cesses, such as orographic blocking of low-level mois-

ture flows, ocean–atmospheric interactions, and ocean

upwelling, and are not fully understood (Nicholson

and Entekhabi 1987; Nicholson 1996; Slingo et al.

2005). In fact, even the precise reasons for theCorresponding author e-mail: Ileana Bladé, ileanablade@ub.edu
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existence of two separate rainy seasons are not clear

(e.g., Nicholson 1996).

The unique character of the seasonal cycle of pre-

cipitation in the Horn region is illustrated in Fig. 1b,

which shows the ratio of the second to first harmonic of

eastern Africa precipitation (data to be detailed sub-

sequently) and reveals a dominant second harmonic

almost exclusively over the eastern Horn region, con-

sistent with many previous reports of two wet seasons

there (e.g., Nicholson 1996; Hastenrath et al. 2007;

Liebmann et al. 2012; Yang et al. 2015). These two rainy

seasons are referred to as the short rains of October–

December (OND) and the long rains of March–May

(MAM). In addition to the Horn region, there is a small

region in the western sector, right on the equator, in

which the second harmonic is also large. This regime,

however, is part of a zonally wide, but latitudinally

narrow, near-equatorial region in which two equinoctial

wet seasons occur associated with the biannual crossing

of the sun over the equator (e.g., Liebmann et al. 2012,

their Fig. 6). This is in contrast to the Horn region,

whose double wet season is not related to the two zenith

passages of the sun, as evident from both its geo-

graphical location and the delayed timing relative to the

equinoxes (e.g., Nicholson 1996).

The ‘‘short rain’’ season is the better understood of

the two seasons with regard to its interannual variability

at least (e.g., Hastenrath et al. 2007, 2011). It is well

established, for instance, that short-rain precipitation

totals exhibit a strong positive relationship with both El

Niño (e.g., Ogallo et al. 1988; Kiladis and Diaz 1989;

Hutchinson 1992; Indeje et al. 2000; Mason and

Goddard 2001) and the Indian Ocean dipole (Saji et al.

1999). The focus of this paper, however, is the poorly

understood ‘‘long rain’’ and primary growing season of

the eastern Horn, active roughly from March through

May. Rainfall in this season is not well correlated with

any known mode of SST variability, and successful

seasonal prediction of precipitation based on empiri-

cally derived relationships, from either observations or

output from coupled ocean–atmosphere models, has

proved elusive (e.g., Ogallo et al. 1988; Indeje et al. 2000;

Camberlin and Philippon 2002; Camberlin and Okoola

2003). Yet the long-rain season is of current interest

because several studies have reported a substantial de-

cline in precipitation in the last approximately 30 years

(Funk et al. 2005, 2008; Williams and Funk 2011; Lyon

and DeWitt 2012; Hoell and Funk 2014; Liebmann et al.

2014; Maidment et al. 2015; Hoell et al. 2017), spurring

substantial research into its causes (e.g.,Williams andFunk

2011; Lyon and DeWitt 2012; Lott et al. 2013; Liebmann

et al. 2014). Moreover, Tierney et al. (2015) infer from

proxy evidence that aridity in theHorn ofAfrica increased

during the twentieth century at a rate that is ‘‘unusual’’

compared to the last 2000 years and argue that the signal

could be dominated by a reduction in the long rains, con-

sistent with the recent observed decrease.

One suggested explanation for the decreasing long

rains involves an intensification of the Indian branch of

the Walker circulation (Verdin et al. 2005; Funk et al.

2008; Williams and Funk 2011; Lyon and DeWitt 2012;

Lyon 2014; Lyon et al. 2014; Funk and Hoell 2015).

According to this view, the recent observed warming in

the warm pool region (e.g., Hartmann et al. 2013) has

increased convection over Indonesia and strengthened

the Indian Ocean upper-level easterlies emanating from

FIG. 1. (a) Elevation in meters. (b) Ratio of the second to first

harmonic of monthly precipitation climatology for 1981–2014.

Black contour in both panels indicates that the ratio of the second

to first annual harmonic is equal to 1. Blue polygon indicates region

over which data are averaged in subsequent analysis.
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this convective area, thereby inducing anomalous upper-

level convergence and reduced rainfall over the Horn,

where climatological subsidence already prevails (Yang

et al. 2015). Evidence for the validity of this hypothesis

has been provided by AMIP-type model simulations that

reproduce the observed MAM precipitation decrease

when forced with the recent history of SST anomalies

(e.g., Lyon and DeWitt 2012; Liebmann et al. 2014; Lyon

2014; Lyon et al. 2014; Yang et al. 2014). In particular,

Liebmann et al.’s (2014)ECHAM534-member ensemble

exhibited a drying trend in almost every individual run,

suggesting that the Walker cell mechanism could explain

at least some of the observed drying in the Horn region.

Even though confidence in that finding is diminished by

the absence of a consistent long-term interannual re-

lationship between observed MAM Horn precipitation

and equatorial SSTs (anywhere), when the analysis is

restricted to the most recent 1996–2012 period a corre-

lation pattern emerges that is quite similar to that found

in the ECHAM5 ensemble. This suggests that the cou-

pling has become stronger of late, although it is difficult to

establish statistical significance when the length of record

is short and arbitrarily chosen (Liebmann et al. 2014).

A further caveat for the Walker cell argument is that

the evidence for an Indian OceanWalker cell extending

all the way to theHorn region is limited. In fact, even for

the equatorial strip, Hastenrath (2000) found a closed

zonal circulation to be present only in boreal autumn

(October). However, subsidence does prevail over the

Horn year-round, even in MAM (albeit weak), and this

subsidence could be modulated by Indian Ocean upper-

level easterlies and/or Indonesian convection even in the

absence of a closed zonal circulation.

Complicating this issue, seasonal precipitation in the

eastern Horn, as in any other location, is not a continuous

event over a fixed length period. Changes in seasonal to-

tals may reflect variations in both onset and end dates, as

well as rain rate or number of rainy dayswithin the season.

It is currently unclear which aspect of the long rains is

typically more altered during failed rainy seasons and

whether the recent increase in the frequency of droughts

may be understood as a mere weakening of the seasonal

cycle or rather as a change in the atmospheric thermal

conditions, circulation, or moisture budget. As already

mentioned, the annual cycle of precipitation in theHorn is

itself poorly understood, including fundamental questions

such as the reason for the bimodal annual cycle and the

differences in dynamics and thermodynamics between the

two wet seasons. Progress in understanding the recent

decline in long rains then requires delving into the cli-

matological properties of this wet season.

In a recent paper, Yang et al. (2015, hereafter Y15)

examined the annual cycle of eastern Horn precipitation.

They found that the atmosphere is conditionally stable

in all seasons, but least stable duringMAM, and that the

annual cycle of this conditional instability is dominated

by variations in the surface moisture advected from the

east, since the mountains to the west block the flux of

moist air from that direction. They then argued that the

existence of two separate spring and autumn wet sea-

sons, with suppressed rainfall in between, could be un-

derstood in terms of the annual cycle of surface

monsoonal winds and Indian Ocean SSTs. During the

dry seasons, strong alongshore low-level winds advect

dry air from the winter hemisphere, where SSTs are

relatively cold, into the Horn region. This is particularly

true in boreal summer when the monsoon-related

northward Findlater or Somali jet (Findlater 1969)

drives strong coastal cooling via evaporation, upwelling,

and entrainment (McCreary et al. 1993). In the interim

seasons, the winds are weaker but more directly onshore

and the off-coast Indian Ocean waters are much

warmer, especially in MAM.

The purpose of this paper is to better understand

regional-scale causes of the eastern Horn’s long rains and

their interannual and long-term variability, thus extending

the work of Y15. In contrast with that paper, month-to-

month changes in the climatology are examined here in

order to more precisely identify the circulation changes

that accompany the onset and demise of this wet season.

Daily data are also used to spatially track the development

and evolution of the wet season. Our findings show the

existence of abrupt changes in the low-level moisture field

and in the upper-level zonal winds associated with onset

and end of the wet season. The importance of low-level

moisture changes has been previously emphasized byY15,

but in this paper we provide new evidence that pre-

cipitation is also modulated by changes in the upper-level

easterly winds, with precipitation commencing when the

easterlies halt and ending when they resume. This re-

lationship holds for both monthly climatologies and daily

composites of wet season onset and end. Additionally, we

show that the observed recent decrease in seasonal MAM

total precipitation (last 34yr) has also coincidedwith long-

term seasonal increases in upper-level easterlies, unlike

the attendant changes in the moisture field, which are

relatively modest within the area in question.

2. Data and methods

Precipitation estimates used in this study are primarily

from the Climate Hazards Group Infrared Precipitation

with Stations (CHIRPS; Funk et al. 2015b) dataset. This

product is a blend of ClimateHazardsGroup precipitation

climatology (Funk et al. 2015a), satellite infrared mea-

surements, and direct rain gaugemeasurements (which are
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quite sparse over the eastern Horn of Africa). This study

employs the 0.058 version for the period 1981–2014.

Monthly TRMM (Kummerow et al. 1998) precipitation

estimates (1998–2011) are used in one figure to show

monthly climatologies that include the ocean, as well as

outgoing longwave radiation (OLR) to estimate the

large-scale change in precipitation (Liebmann and

Smith 1996).

Gridded variables used to describe the atmospheric

circulation and thermodynamical state were derived

from the European Centre for Medium-RangeWeather

Forecasts (ECMWF) interim reanalysis (ERA-Interim;

ECMWF 2009). Wind, specific humidity, divergence,

omega velocity, precipitation, and convective available

potential energy (CAPE) are represented on a 0.78 3

0.78 grid. CAPE is defined following the AMS Glossary

ofMeteorology as ‘‘the maximum energy available to an

ascending parcel’’ (AMS 2012).

Onset and end of the wet season are determined by an

objective, straightforwardmethod already used in several

previous studies of monsoonal rains (e.g., Liebmann and

Marengo 2001; Liebmann et al. 2012; Dunning et al.

2016), and the description below derives from Liebmann

and Marengo (2001) with minor modifications. This

method compares well with other, agriculture-based

definitions (Dunning et al. 2016) and, importantly, al-

lows for the possibility of false onsets. For each time se-

ries (in the present case, at an individual grid point or for

an average over several), the average annual pre-

cipitation total is computed and divided by 365 to obtain

the mean daily climatological amount. For all years,

starting at a chosen point in time, observed precipitation

minus this daily climatology is summed. Onset is defined

as the day on which the accumulated quantity is at an

absolute minimum since after that date precipitation ex-

ceeds climatology. In this way, if a dry spell after an initial

wet period is long enough that the anomalous accumu-

lation dips below the value at the start of that wet period,

that initial wet period would be considered a false onset.

Similarly, the end of the wet season is defined as the day

on which the summed quantity is at a maximum. For the

present study, whose focus is on one of the two wet sea-

sons of the Horn of Africa, the search begins on 1 Janu-

ary, well before the start of the wet season of interest. The

rain rate is calculated simply as the amount of rain

during a particular wet season divided by its length.

3. Results

a. Climatology of the long rains

Figure 2 shows climatologies of TRMM (1998–2011

average) precipitation (note nonlinear shading interval)

and 200-mb (1mb5 1hPa) vector winds overAfrica, the

Indian Ocean, and beyond, for months surrounding the

long rains. In February (Fig. 2a), tropical precipitation is

centered slightly south of the equator over the western

Pacific and Indian Oceans. The Horn of Africa is almost

completely dry. The strongest winds reside in the

Northern Hemisphere subtropics and midlatitudes, but

winds exceeding 8ms21 with a large easterly and a

smaller cross-equatorial component are evident along

the equator over Africa and across the Indian Ocean.

Cross-equatorial winds with a strong easterly component

on the equatorward side of a large convective heat source

(here, located in the SouthernHemisphere) are consistent

with the solution of the linear shallow-water equations

on a beta plane for a stationary off-equatorial heat source

(Gill 1980)—as first proposed in Verdin et al. (2005) and

further elaborated upon in Funk et al. (2008).

Of the changes that occur from February to March

(Fig. 2b), the most relevant to the present analysis is a

weakening of the easterlies and a decrease in pre-

cipitation over the western and central Indian Ocean,

simultaneous with the onset of the wet season over the

Horn. April precipitation (Fig. 2c) over Indonesia is

similar to March, but it weakens further over the west-

ern Indian Ocean and moves northward over Africa and

into theHorn, marking the peak of the wet season in this

region. There is a more dramatic change from April to

May (Fig. 2d) in the eastern Indian Ocean and In-

donesia, when precipitation jumps northward, retreating

from the Southern Hemisphere (e.g., Australia becomes

almost completely dry) and greatly increasing over the

Asian monsoon region. Precipitation over the Horn

decreases as equatorial easterlies begin to develop again

over the Indian Ocean, on the equatorward side of the

now Northern Hemisphere heat source (also consistent

with Gill 1980).

Large changes again occur fromMay to June (Fig. 2e).

Precipitation increases substantially in the Northern

Hemisphere east of about 608E, primarily as a jump

along the west coasts ofAsia and to the west of India and

Southeast Asia. Precipitation in central equatorial Africa

moves slightly northward as well, as does the subtropical

westerly jet. Most directly relevant to the Horn of Africa

region is the pronounced increase in near-equatorial

easterlies over the Indian Ocean and Africa. These

winds may be viewed as the southern limb of the large-

scale anticyclone that develops in response to the onset of

the Asian summer monsoon. The Northern Hemisphere

expansion of precipitation continues in July (Fig. 2f) and

August (not shown), when African monsoonal pre-

cipitation is also at its maximum northward extent.

Figure 3 shows CHIRPS precipitation and a more

detailed 200-mb wind climatology within the Horn
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domain, for the same months. February (Fig. 3a) is dry

almost everywhere north of the equator, with strong

easterlies over the ocean and southeasterly winds over

land south of 48N that turn into westerlies in the far

north. March (Fig. 3b) signals the beginning of the pri-

mary wet season, with clear rainfall increases relative to

February over most of the southern domain and the

highlands of southwest Ethiopia.Winds over the eastern

Horn and western Indian Ocean have slackened. By

April (Fig. 3c) precipitation has intensified everywhere,

making this month the wettest over the Horn, with

amounts comparable to those at the same latitude in

central Africa (Fig. 2c). The upper-level winds are weak

over the entire domain (vectors weaker than 1ms21 are

not plotted). In May (Fig. 3d) precipitation decreases

over the southernHorn and increases to the north, while

easterlies make a weak reappearance (more visible over

the ocean). Fully developed easterlies prevail through-

out the area in June and July (Figs. 3e,f), as the eastern

Horn becomes quite dry again (except in a narrow strip

along the southern equatorial coast). Meanwhile, rain

continues to increase over western Ethiopia.

We now turn our attention to themonthly climatology

of 925-mb specific humidity and winds, shown in Fig. 4.

In February (Fig. 4a) the low-level air is almost uni-

formly dry north of about 28N, with a strong gradient

perpendicular to the coast directed toward the ocean.

The winds over the ocean are from the northeast and

nearly parallel to isolines of humidity, thus advecting

little moisture onto land, consistent with the results of

FIG. 2. Average monthly total precipitation (mm) estimated from TRMM (1998–2011; note uneven contour

intervals) and 200-mbwinds (m s21; reference vector in lower right of eachmap).Wind vectors are plotted every 8th

grid point in latitude and 16th grid point in longitude. Vectors are omitted at grid points with speeds less than

1m s21. Blue polygon over eastern Horn of Africa indicates region over which data are averaged in subsequent

analysis.
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FIG. 3. Average monthly total precipitation (mm) estimated from CHIRPS (note uneven

contour intervals) and 200-mb winds (m s21; reference vector in lower right of each map).

Wind vectors are plotted every third grid point in latitude and longitude. Vectors are omitted

at grid points with speeds less than 1m s21. Polygon over eastern Horn of Africa indicates

region over which data are averaged in subsequent analysis.
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FIG. 4. As in Fig. 3, except specific humidity (g kg21) is shaded and vectors represent the

925-mb winds.
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Y15.As noted byY15, these winds are also relatively dry

because the coldest sea surface temperatures (SSTs)

reside to the north of the equator at this time. In March

(Fig. 4b), the near-coastal winds are weaker but have

rotated clockwise and now have a substantial onshore

component, resulting in a larger net moisture transport

onto land, which is reflected in a specific humidity in-

crease over the southern Horn. The peak of the wet

season,April (Fig. 3c), is consistent with humidity values

over land as high as those over the proximate ocean and

with weak southerly winds advecting even higher hu-

midity from the south-equatorial ocean (Fig. 4c). The

southerlies continue to strengthen inMay, June, and July,

while specific humidity decreases (Figs. 4d–f), consistent

with a cooling of the ocean, as discussed by Y15. These

authors identify these strong southerly winds as the east-

ern Africa low-level jet (Findlater 1969), which is part of

theAsianmonsoon system and commences with the onset

of the Indian monsoon (e.g., Halpern and Woiceshyn

2001). They also noted that those low-level winds are di-

vergent over the easternHorn at this time, consistent with

the suppression of precipitation.

The low-level climatology, as examined in Y15, em-

phasizes the importance of low-level moisture advection

for the annual cycle of precipitation in the eastern Horn

of Africa: the seasonal variations in moisture supply and

rainfall are related to those of the upwind coastal SSTs,

which are coldest during the dry seasons. As we have

shown in Fig. 3, however, the upper-level climatological

winds also reveal an apparent relationship between the

upper circulation over the western Indian Ocean/Horn

region and Horn precipitation during the first half of the

year, with strong easterlies systematically coinciding

with low rainfall and no easterlies observed at the peak

of the spring wet season. The monthly mean maps thus

suggest that weak (strong) upper-level easterlies over

the eastern Horn act to favor (inhibit) convection there,

with both the upper- and lower-level winds being linked

to the Asian monsoon system.

b. Onset and demise of the long rains

The average long rains onset and end dates at each

grid point are shown in Fig. 5, with the methodology for

this calculation explained in section 2. The region south

of 28S (Tanzania) should be disregarded as it is located

mostly in the single-wet-season regime (Fig. 1b) and

onset there occurs much earlier than 1 January, when

the sun moves south during austral spring (saturated red

colors in Fig. 5a). Over the eastern Horn, the wet season

generally progresses northward from early March to the

end of April. Onset occurs earlier over the westernHorn

than to the east and even earlier just east of the moun-

tains (which generally follow the black harmonic ratio

contour north of the equator). To the west of the

mountains, onset occurs later, the timing consistent

with a summertime rainfall maximum.

The end of the wet season also progresses northward

over the bimodal region, varying from mid-April in the

south to near the end of May in the north. These dates

are consistent with a dry June there (Fig. 3e). To the

west, the end occurs substantially later, in line with a

single wet season, peaking in summer.

To better document the onset of the wet season at the

daily time scale, daily composites of precipitation and

other variables are constructed. For this analysis, a

FIG. 5. (a) Average date of MAM wet season onset found by

limiting search for onset to first half of calendar year. (b) Average

last day of wet season. Red and blue polygons indicate region for

subsequent detailed analysis. Black outline indicates region within

which the ratio of the second to first annual harmonic is larger than

1 (which includes the area of the polygon and a small equatorial

region to the west roughly between 28S and 28N).
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target region was chosen for which the climatological

wet season starting and end dates were relatively spa-

tially homogeneous; in this polygonal region (outlined

with a red contour in Fig. 5), the average onset date is

27 March. Figure 6 shows composites of precipitation

and 200-mb winds relative to this mean onset date,

shown every 4 days from 20 days prior to onset up to

onset. While the chosen region was slightly modified

during experimentation, the associated field patterns are

generally robust. Prior to onset, precipitation is confined

mainly to the sector in the Southern Hemisphere that is

dominated by a single annual harmonic, as well as some

small areas at the equator and in the mountainous re-

gions of Ethiopia. Precipitation increases dramatically

north of the equator on the day of onset (Fig. 6f), es-

pecially to the west of the target region (but still within

the bimodal rainfall region, delineated by the gray

contour), while the northern Horn is still dry. Strong

upper-level easterly winds near the southern coast on

day220 (Fig. 6a) veer and become weak southeasterlies

by day 28 (Fig. 6d). The weak anticyclone centered

around 88N, 368E on day 220 (Fig. 6a) gradually ex-

pands eastward and becomes a clockwise circulation

that straddles the equator and is most developed at

day 24 (Fig. 6e). By onset (Fig. 6f), this clockwise cir-

culation extends over the entire eastern Horn, with little

upper-level flow over the target area.

Corresponding composites of 925-mb specific hu-

midity and wind are displayed in Fig. 7. The offshore

low-level winds, which are slightly northeasterly at

day 220 (Fig. 7a), progressively develop a southerly

component such that by onset (Fig. 7f) they appear to be

advecting the relatively moist maritime air that lies to

the south into the eastern Horn. This is entirely in

agreement with the climatologies presented by Y15,

who show that the off-coastal 10-m winds shift from

northeasterly during January–February to southeasterly

during MAM and note that, in the Southern Hemi-

sphere equatorial region from which these winds flow,

climatological SSTs are at their annual peak. The

gradual increase in low-level moisture is also qualita-

tively consistent with an increase in CAPE (not shown)

and in keeping with Y15, who found the low-level moist

static energy to bemaximum inMAMand dominated by

the moisture term.

The same fields are now composited about the end of

the wet season, whose climatological last day within the

polygon is 18 May. The 200-mb winds remain weak over

the Horn from day 219 to day 211 (Figs. 8a–c), while

moderate westerlies are observed north of 88N and

south of 48S. The easterly winds pick up over the Horn

and western Indian Ocean on day 27 (Fig. 8d) and

continue to strengthen throughout the sequence. At the

same time the westerlies to the north and south disap-

pear. We speculate that the sudden increase in upper-

level easterlies is associated with the onset of the Asian

and Indian monsoons, which occurs climatologically

between May and June, as is evident when comparing

Figs. 2d and 2e. Precipitation over the Horn, although

variable from lag to lag, persists until the first day of the

dry season (Fig. 8f), when it ceases abruptly.

Figure 9 shows 925-mb wind and specific humidity,

composited relative to the last day of the wet season.

The 925-mb winds over the eastern Horn remain

southerly and steadily increase throughout the se-

quence. Again, these composites are consistent with the

10-m wind seasonal averages computed by Y15, which

show the eastern Africa low-level jet (Findlater 1969),

already evident during MAM, strengthening into

northern summer. Like the upper-level easterlies that

develop over the Horn and western Indian Ocean, these

winds are components of theAsianmonsoon (e.g., Y15).

Contrary to the situation during onset (Fig. 7), the low-

level moisture is maximum at the equator, and so the

southerlies are now advecting comparatively dry air into

the Horn from the south. This change is in agreement

with a decrease in CAPE observed in the corresponding

composites (not shown); it is also qualitatively consis-

tent with the decrease in the moisture component of

moist static energy and the increase in stability from

northern spring to summer reported by Y15.

To better illustrate our findings, Fig. 10 shows detailed

onset and end composites of the quantities shown in

Figs. 6–9, as well as CAPE, but averaged over the

polygonal target area. For reference, the 34-yr daily cli-

matology is also shown (blue line); the first and last days of

the composite wet season (day 0) are aligned with the

climatological onset and end dates in the respective plot,

to allow for comparison with the climatological cycle. No

smoothing is applied to the time series. There is a clear

precipitation signal for both onset and end, with a rapid

jump at onset (Fig. 10a) and an equally precipitous decline

at the end (Fig. 10e), despite the fact that both the com-

posites and climatology are noisy during the wet season.

Corresponding composites for upper-level zonal wind

are shown in Figs. 10b,f. The upper-level easterlies

weaken rather suddenly about two weeks prior to onset,

becoming weakly westerly or near zero around onset

(Fig. 10b). They remain so for the rest of the composite

(except for a brief excursion to easterly around day16),

while climatological easterly winds more gradually de-

crease to their postonset near-zero (or westerly) mean

value. We note that using an expanded domain for the

wind average yields quite similar results (not shown).

At the end of the wet season (Fig. 10f) there is a re-

verse rapid change from weak westerlies to strong
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FIG. 6. Composite relative to interannually varying onset day (day 0) of precipitation

(shaded; mmday21) and 200-mb winds (reference vector in lower right of plot is 5 m s21).

Vectors are omitted if wind speed is less than 1m s21. Dark gray contour indicates that the ratio

of the second to first annual harmonic is equal to 1.
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FIG. 7. Composite relative to interannually varying onset of specific humidity (shaded; g kg21)

and 925-mb winds (reference vector in lower right of plot is 5m s21).
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FIG. 8. As in Fig. 6, except relative to last day of wet season.
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FIG. 9. As in Fig. 7, except relative to last day of wet season.
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easterlies that appears to occur in two steps: the winds

start reversing around 10 days before the season’s end,

remain steady and moderately easterly for several days

around the end, and then intensify further. The clima-

tology about the average end date (18 May) is also

characterized by a rapid two-step switch on of easterly

winds, separated by a period of little change. After the

flat stage, easterlies increase in both the composite and

climatological sequences at an equal rate. We speculate

that the returning upper-level easterlies suppress pre-

cipitation either directly, through enhanced upper-level

convergence and subsidence, or indirectly, by prevent-

ing extratropical disturbances from penetrating into the

Horn region and triggering vertical motion (we will re-

turn to this later).

Last, the composites and climatologies of 925-mb

specific humidity and CAPE are presented in the two

rightmost columns. The climatological onset occurs

during a prolonged period of slowly increasing specific

humidity (Fig. 10c) and CAPE (Fig. 10d). In contrast,

the composites show rapid increases in these variables

right around onset, leveling off thereafter while the cli-

matology ‘‘catches up.’’ The corresponding composite

and climatology curves about the rain season last day

(Figs. 10g,h) are more similar to each other, but the

evolution is still sharper in the composites, with rapid

decreases in both humidity and CAPE around the last

wet day.

Our view of onset and end, based on Fig. 10, is that the

actual dates of onset and end of the wet season in a

particular year constitute a slight departure in timing

from the average annual cycle. The precipitation com-

posite, when compared to climatology, provides the

most obvious example of this shift, but the same is true

of the zonal wind, specific humidity, and CAPE evolu-

tion. There is almost no precipitation before onset or

after the end, with large jumps occurring on the onset

and end dates. Likewise, the composite winds are more

westerly at onset relative to climatology and more

strongly easterly at the end. The composite evolutions of

925-mb specific humidity and CAPE also are of the ex-

pected sign: moister and with more CAPE than clima-

tology at onset and drier and with less CAPE than

climatology at the end.

c. Changes in seasonal totals since 1981

The ultimate motivation for this study was to de-

termine the extent to which changes in the various long-

rain characteristics have contributed to the observed

decrease since the early 1980s (e.g., Funk et al. 2008;

FIG. 10. Composite (red curves) and climatology (blue curves) of precipitation, 200-mb winds, 925-mb specific humidity, and CAPE

averaged over the polygon shown in previous figures. (a)–(d) Composites are relative to onset, with day 0 set at Julian day 86, which is the

average onset date (27 March). (e)–(h) The corresponding composites relative to the average last day of the wet season, Julian day 138,

corresponding to 18 May.
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Williams and Funk 2011; Lyon and DeWitt 2012;

Liebmann et al. 2014) and to assess whether the recent

tendency for failed long rains can be understood as a

weakened or an altered seasonal cycle. This decrease in

the March–May wet season from 1981 to 2014, ex-

pressed as a change (linear least squares fit trend mul-

tiplied by 33 yr) and estimated from CHIRPS data, is

shown in Fig. 11a. The decline over the eastern Horn is

widespread, with the largest decreases in southern

Ethiopia, in the northern end of the polygon. Weaker

increases are evident to the west, in the single-wet-

season regime over western Ethiopia and central/

southern Tanzania, but March–May is not the peak of

the wet season there. The change in MAM CHIRPS

precipitation averaged over the Horn polygon is

264.8mm, or a decrease of 28% relative to the mean

(232mm). A huge positive anomaly occurred in 1981, the

largest seasonal total on record, with many more rainy

days than normal, and if that year is excluded the linear

decrease halves to 232.0mm, but in other respects (sea-

son length and daily rain rate) that year is not an outlier, so

the year will be included in subsequent analyses.

We now examine how the precipitation intraseasonal

characteristics that determine the seasonal totals have

changed since 1981. For the period 1981–2014, the av-

erage wet season total within the polygonal area is

216mm (ranging from 99 to 434mm) and the average

season length is 53 days (ranging from 27 to 89 days),

beginning on average on 27 March (with a range from

26 February to 24 April) and ending on 18 May (with a

range from 1May to 2 June). The average daily rain rate

(the wet season total divided by its length) is thus

FIG. 11. The 1981–2014 change (defined as least squares fit linear trendmultiplied by 33 yr) ofMAM (a) CHIRPS

precipitation (mm), (b) 200-mb divergence (s21; scaled by 1026) and wind, (c) 925-mb specific humidity (g kg21)

and wind, and (d) CAPE (kg s21). In (b) and (c), reference wind vector is shown in lower right (m s21). Vectors are

plotted at alternating grid points. Vectors less than 1m s21 are not plotted. Polygons represent area of detailed

study. On all maps, black contour indicates a ratio between the second and first annual harmonic equal to 1. The

polygon is within the area of ratio greater than 1.
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4.1mmday21 (varying between 2.2 and 6.8mmday21).

The wet season rain rate decreased over the record pe-

riod by 0.88mmday21, so if the average wet season

length had remained constant at 53 days, the drop in

precipitation accounted for by the reduced rate would

have been 46.6mm. The length, however, also decreased

by 3.2 days (;6%), so if the rain rate had remained con-

stant the shortening of the season would have accounted

for a 13.1-mm reduction. The wet season contraction has

resulted mainly from a delay of 4.2 days in the starting

date, partly compensated for by a 1-day delay in end date.

The above result thus implies that the most important

contributor to the observed decline ofMAMprecipitation

in the central Horn of Africa since 1981 is the reduction in

the within-season precipitation (or rain rate) rather than a

shortened length, at least in our target area. In contrast,

Camberlin et al. (2009) found that in the southern Horn,

variations in onset date have the most influence on in-

terannual variations of seasonal totals.

To explore possible thermodynamical and dynamical

causes of this decline, Figs. 11b–d display the corre-

sponding changes in 200-mb winds and divergence,

925-mb winds and humidity, and CAPE over the Horn

region. While advection of low-level moisture is a crucial

ingredient of wet season precipitation, as shown earlier

and also inY15, the analysis reveals little change in specific

humidity over the 34-yr record (note the small contour

interval) and the same for the low-level wind field. Like-

wiseCAPEdoes not appear to have decreased at all. Thus,

the long-term decline in long-rain precipitation cannot be

accounted for by a decrease in low-level moisture or

potential instability. On the other hand, the upper-level

circulation exhibits some remarkable changes, with a

broad-scale shift toward stronger easterlies, about 3ms21

inmagnitude. The change is smaller to thewest, implying a

tendency for upper-level net zonal inflow into the Horn

region. Indeed, over most of the domain (including over

the northwest, where precipitation has increased) ERA-

Interim data indicates an increase in convergence, sug-

gesting enhanced downwardmotion. The strengthening of

the 200-mb easterlies that has accompanied the drying

trend in the long rains is consistent with our earlier intra-

seasonal analysis that shows that precipitation in MAM

tends to occur when the easterlies falter and to stop when

they resume.

Moreover, the above signal is part of a widespread

increase in easterlies that extends to most of eastern

Africa and the IndianOcean, as shown in Fig. 12a, which

also displays the corresponding 1981–2014 large-scale

change in precipitation, withOLRas a proxy for rainfall.

The increase in precipitation over Indonesia is likely due

to enhanced warming of the Indian Ocean and western

Pacific (e.g., Hartmann et al. 2013) and has been

hypothesized (but not shown) to have enhanced the

Indian Ocean Walker circulation (e.g., Williams and

Funk 2011), thereby increasing subsidence and de-

creasing precipitation over the Horn. To validate this

hypothesis, Fig. 12b presents a cross section of the

change in divergence, zonal wind, and omega velocity,

meridionally averaged within the box depicted in

Fig. 12a. Clearly the picture is not a simple one of an

enhanced closed zonal cell extending from Indonesia to

the Horn. There is increased upward motion and upper-

level divergence over Indonesia (consistent with the

decrease in OLR; Fig. 12a), upper-level easterly outflow

over the entire Indian Ocean between 250 and 125 hPa,

and upper-level convergence in the western end of the

transect, including over the Horn region, as already

mentioned (Fig. 11b). The accompanying subsidence,

however, is limited to the western Indian Ocean and

does not extend to the Horn region, where upward

motion is seen instead, and even over the ocean there is

no clear signal of compensating lower-level divergence.

Moreover, although a closed zonal anomalous circula-

tion is evident, it is confined to the western Indian

Ocean, with upward motion near 758E.

Although the ERA-Interim circulation changes appear

to be inconsistent with the observed MAM decrease in

precipitation and increase inOLR (Figs. 11a and 12a) over

the eastern Horn, they are consistent with an increase in

ERA-Interim precipitation there (Fig. 12c). This discrep-

ancy between ERA-Interim and observed precipitation

calls into question the validity of the ERA-Interim di-

vergent circulation over the Horn of Africa region.

4. Summary and discussion

The eastern Horn of Africa has an interesting and un-

usual climate in that the double-wet-season regime that is

present at most longitudes around the equator—an ex-

ample of which can be found just to the west of the Horn

(Fig. 1b)—extends well north of the equator. Moreover,

the annual cycle’s timing is such that the eastern Horn is

dry when the rest of Africa at the same latitude is expe-

riencing its climatological rainfall maximum (i.e., boreal

summer). This study has attempted to clarify the dynamics

and thermodynamics of the climatological ‘‘long rains’’

(March–May), with the aim of making progress into un-

derstanding their recent observed decline.

An examination of monthly climatologies of precip-

itation and 200-mb wind reveals that strong upper-level

easterlies coincide with low precipitation—a finding

that, to our knowledge, has not been reported in other

studies. In particular, there is a dramatic strengthening

of easterlies that accompanies the shutdown of pre-

cipitation from May to June. These strong easterlies
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FIG. 12. (a) Change in MAMOLR (shading) and 200-mb wind (vectors; m s21; reference in

lower right corner; plotted at every 6th grid point in latitude and 12th grid point in longitude) for

1981–2014. (b) Cross section of the change in divergence (shaded; s21; multiplied by 106) and

zonal wind and omega (vertical) velocity (vectors). Quantities are averaged within latitudes

28S–128N indicated by dark red lines in (a). Vectors with magnitude greater than 1m s21 are

plotted at every fourth grid point in the horizontal and at selected levels. Sign of the omega

velocity is inverted, and value was converted such that the quantity shown is in millibar per 6 h.

(c) Change in ERA-Interim precipitation for same period. Shading is as in Fig. 11a.
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appear to be associated with the large-scale anticyclone

that develops concomitantly with the onset of the

Asian monsoon and are consistent with the response to

an off-equatorial heat source (Gill 1980). Y15 showed

that the dry seasons in the Horn coincide with low

moist static energy, which they found to be dominated

by the surface humidity term, but our results suggest

that changes in the upper-level zonal winds also play a

role in determining the start and end of the long rains.

Area-averaged composites of 200- and 925-mb winds,

precipitation, specific humidity, and CAPE relative to the

start and end of the long rains were computed for a rela-

tively homogeneous region (in terms of start and end

dates) within the eastern Horn (the polygon shown in all

maps), in order to gain more insights into the precursor

mechanisms. Precipitation exhibits a rapid increase at on-

set and amarkeddrop at the end, similar to, butmore rapid

than, the evolution of the annual cycle near the average

onset and end dates, respectively (Figs. 10a,10e). Con-

sistent with this, the changes in the 200-mb easterlies are

also much more evident in the composites than in the

climatology, with the decrease beginning several days

before onset and with the increase at the end occurring

much faster than in the climatology (Figs. 10b,10f). This

result supports our contention that precipitation tends to

occur when the upper-level easterlies dwindle or reverse

to westerlies.

At low levels, our composites are consistent with those

of Y15 (although they used different variables), in that

there is a sharp increase and decrease in 925-mb specific

humidity that precedes onset and end, respectively. As

with the other quantities, the composite increase is su-

perimposed upon a climatology that is also rapidly

changing (Figs. 10c,10g). The composites again suggest

that the individual years’ wet season onset and end are

deviations from the annual cycle (e.g., on average, an early

onset occurswithweaker upper-level easterlies and higher

low-level specific humidity than expected from climatol-

ogy on that day). The original focus of this study was to try

to identify a synoptic ‘‘trigger’’ associated with wet season

onset, but we found no obvious signal. Our present view is

that onset and end are determined locally when either

favorable or unfavorable upper-level winds and low-level

thermodynamic conditions have been established.

A summary of our argument as to the cause of the

decline in long-rain precipitation since 1981 is the fol-

lowing. Low-level moisture and weak upper-level east-

erlies both occur concurrently with the long rains in

monthly climatologies. The easterlies that prevail prior

to the beginning of the wet season appear to be forced by

diabatic heating originating in the SouthernHemisphere

ITCZ in the central-to-eastern Indian Ocean. These

easterlies slacken as the center of diabatic forcing shifts

into the Northern Hemisphere and the eastern Horn long

rains occur during this ‘‘break.’’ The easterlies then re-

sume when the Asian and Indian monsoon systems de-

velop. In composites based on interannual onset (end),

easterlies decrease (increase) several days prior to the

sudden jump (drop) in precipitation. These easterlywinds,

which appear to be partly responsible for the annual

shutdown of the boreal spring wet season, have increased

in strength during MAM since 1981 as precipitation has

decreased, which suggests that they are also involved

in this observed decline of the long rains.

A main finding of this study is thus that an inverse

relationship between the strength of the upper-level

easterlies and Horn precipitation is evident on three

time scales: climatological, intraseasonal, and multi-

decadal (on interannual time scales there is also a sig-

nificant anticorrelation between Horn precipitation and

easterlies aloft; not shown). On the other hand, low-

level moisture, shown to be an important component of

the long rains in Y15 and also herein, shows little change

over the record and thus appears less likely to have

played a role in the long-rain decline.

Based on our previous work and that of others (e.g.,

Williams and Funk 2011; Lyon and DeWitt 2012; Lyon

2014; Lyon et al. 2014), we further argue that the

strengthening of the upper-level easterlies over the In-

dian Ocean in MAM has been driven by the increase in

precipitation over Indonesia, shown in Fig. 12 with OLR

as a proxy for rainfall. This increased convection has en-

hanced divergence aloft leading to intensified upper-level

easterly outflow over the IndianOcean.We speculate, but

are unable to demonstrate at this point, that the increased

upper-level easterly winds suppress Horn precipitation

either directly, via increased downward motion, or in-

directly. Although the divergence and omega fields in

ERA-Interim data are not conclusive in this regard, there

is time-mean subsidence in MAM over the eastern Horn

(Y15), consistent with the notion that stronger converging

easterlies aloft would act to increase subsidence in that

region. The lack of agreement between observed and

ERA-Interim precipitation trends since 1981 in the Horn

region does not give us much confidence in the reliability

of the ERA-Interim divergent circulation and prevents us

from either validating or refuting our hypothesis.

It is also possible that there is a less direct connection

between upper-level easterlies and precipitation. As these

easterlies reverse to westerlies and the critical line van-

ishes, extratropical disturbances are able to propagate to

the deep tropics (Webster andHolton 1982), a possibility

that is consistent with the episodic nature of precipitation

in the eastern Horn. A search for a ‘‘compositable’’ signal

associated with equatorward-propagating disturbances,

however, has not yet proved fruitful.
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It is tempting to speculate that the increase in the

background upper-level easterlies may be linked to the

emerging teleconnection between west-central Pacific

SSTs and easternAfrica rainfall documented in Liebmann

et al. (2014). As the easterly outflow over the Indian

Ocean from Indonesian convection has strengthened ow-

ing to the differential warming in the warm pool, the cir-

culation may also have become more sensitive to changes

in thewesternPacific SST gradient and thusmore effective

at modulating eastern Africa rainfall, creating more op-

portunities for prediction (Funk et al. 2014).

It should also be mentioned that it is unclear whether

the recent observed precipitation, SST, and circulation

trends in the warm pool/Horn region are anthro-

pogenically forced or are the result of natural multi-

decadal fluctuations unrelated to global warming. In

particular, the linear precipitation trends in the Horn

region are highly sensitive to choice of beginning and

end year, to the presence of extremes, to the particular

region under consideration, and the dataset used. For

instance, for most of the Horn of Africa the downward

trends are much weaker if computed from 1982 (as al-

ready mentioned for our polygon), while in many parts

of the domain the trends computed for the last 15–25 yr

are no longer negative because of one extremely rainy

year toward the end of the record (2013; not shown).

Additionally, updated trends are uncertain because of

the delay in the incorporation of new station data into

the gridded datasets. This makes it difficult to charac-

terize the recent evolution of Horn precipitation as ei-

ther a persistent downward trend (as suggested by

Verdin et al. 2005; Williams and Funk 2011; Funk and

Hoell 2015; Funk et al. 2015c), an abrupt decline around

1999 (as suggested by Lyons and Dewitt 2012), or mul-

tidecadal variability (as suggested by Lyon et al. 2014;

Yang et al. 2014; Hoell et al. 2017). Nevertheless it is

clear from examination of any time series that the region

has exhibited a succession of very dry years since 1981.

Last, from a food security perspective, the reported

4-day delay in the start of the wet season since 1981 offers

useful insight as it implies more frequent late season starts

but with decent harvests still plausible (if seed is available

to replant). For insecure households, there is a huge dif-

ference between no harvest (failed season, no possible

replanting) and mediocre harvests (delayed onset). Ef-

fective rainfall monitoring and response strategies could

help mitigate this change in precipitation distribution.
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