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ABSTRACT

A precipitation climatology of Africa is documented using 12 years of satellite-derived daily data from the
Global Precipitation Climatology Project (GPCP). The focus is on examining spatial variations in the annual
cycle and describing characteristics of the wet season(s) using a consistent, objective, and well-tested method-
ology. Onset is defined as occurring when daily precipitation consistently exceeds its local annual daily average
and ends when precipitation systematically drops below that value. Wet season length, rate, and total are then
determined. Much of Africa is characterized by a single summer wet season, with a well-defined onset and end,
during which most precipitation falls. Exceptions to the single wet season regime occur mostly near the equator,
where two wet periods are usually separated by a period of relatively modest precipitation. Another particularly
interesting region is the semiarid to arid eastern Horn of Africa, where there are two short wet seasons separated
by nearly dry periods. Chiefly, the summer monsoon spreads poleward from near the equator in both hemi-
spheres, although in southern Africa the wet season progresses northwestward from the southeast coast.
Composites relative to onset are constructed for selected points in West Africa and in the eastern Horn of Africa.
In each case, onset is often preceded by the arrival of an eastward-propagating precipitation disturbance.
Comparisons are made with the satellite-based Tropical Rainfall Measuring Mission (TRMM) and gauge-based
Famine Early Warning System (FEWS NET) datasets. GPCP estimates are generally higher than TRMM in the
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wettest parts of Africa, but the timing of the annual cycle and average onset dates are largely consistent.

1. Introduction

By virtue of its geographical position, straddling the
equator and extending into the subtropics of both hemi-
spheres, Africa is a continent with large spatial contrasts
in annual mean precipitation, epitomized by the presence
of both some of the world’s largest deserts and an ex-
tensive tropical forest. Africa also possesses a wide vari-
ety of precipitation regimes with sharp spatial transitions
between them. These include tropical rain forest climates
with no dry season, purely monsoonal regimes, regions
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characterized by two, roughly equal, wet seasons with
almost no precipitation in between, regimes with a dom-
inant and a minor wet season, desert systems, and even
Mediterranean climates (Griffiths 1972). Because the
distribution of precipitation throughout the year can be as
important as total precipitation, it is important to docu-
ment and understand these different regimes.

Although many studies have investigated multiple re-
gional aspects of African precipitation, Africa as a whole
has not been extensively studied. This paper seeks to
provide a comprehensive description of some basic as-
pects of African precipitation climatology, focusing on
annual distribution and temporal characteristics of the
wet season(s). Our main objective is to compare the
characteristics of precipitation throughout Africa as ob-
tained from a uniform methodology and a consistent
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dataset. Although precipitation estimates are obtained
from only 12 years of high-resolution satellite data, the
global dataset employed allows, for the first time, a spa-
tially complete picture of the African continent. The
paper also attempts to identify and describe the different
rainfall regimes in more detail than has been previously
attempted. Moreover, to assess which features are robust,
the data are also compared with other estimates of
precipitation.

One useful way to quantify the wet season is by its onset
date, length, and rain rate (defined as the precipitation per
day during the wet season). In addition to its scientific
interest, a good understanding of the climatology and
variability of these parameters could potentially be quite
beneficial to agriculture (e.g., Ati et al. 2002; Hagos and
Cook 2007; Cheung et al. 2008), as it could improve use of
water resources over a continent that generally does not
enjoy abundant and reliable rainfall. Furthermore, an
accurate prediction of such quantities could help agricul-
ture achieve maximum production through adjustment of
crops and planting times (Ati et al. 2002).

Most studies of wet season onset over Africa, however,
have been of regional scope and have not used a consis-
tent methodology. Onset has been examined over West
Africa (e.g., Sivakumar 1988; Le Barbé et al. 2002; Sultan
and Janicot 2003; Marteau et al. 2009), Nigeria (Ati et al.
2002), Senegal (Camberlin and Diop 2003), and South
Africa (Tadross et al. 2005) with almost as many different
definitions for onset (e.g., Sivakumar 1992; Marteau et al.
2009). Moreover, these regional definitions were often
tuned to capture onset in the specific area under study
and are thus not applicable to the entire continent, pre-
venting a comparison between regions. Global indices of
local onset and retreat have also been developed for
monsoonal regions (e.g., Zeng and Lu 2004; Zhang and
Wang 2008), but these studies did not examine the Afri-
can continent in detail. A primary purpose of this study
is to apply an objective, sound, and robust methodology
across the African continent to precisely determine the
timing of onset. Those dates may then be composited to
search for dynamical mechanisms related to onset.

Another important aspect of African precipitation is
interannual variability, which regularly exceeds 20% of
the long-term mean (e.g., Janowiak 1988; Nicholson
1993). As forecasts of interannual anomalies improve, it
would be beneficial to understand whether, at a given
location, such successful predictions involved a change
in the timing and length of the wet season or its rate.
While the short period of record used here (~12 yr)
precludes more than a preliminary examination of
interannual variability, we believe the methodology
presented will be valuable in the future as longer records
become available.
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2. Precipitation data and climatology

The primary data for this study is the Global Precip-
itation Climatology Project (GPCP) One-Degree Daily
(1DD) precipitation dataset (Huffman et al. 2001;
Dinku et al. 2007). Several satellite products are com-
bined to produce global precipitation estimates. There
is a high mean absolute error for individual grid points
(Huffman et al. 2001), although these errors are im-
proved by spatial and temporal averaging. The available
data extend from 1 October 1996 to 31 August 2009 (or
12 full years, 1997-2008). Gauge data are involved in-
directly, as the 1DD data are scaled such that monthly
totals match the GPCP monthly product, which includes
gauge data (Dinku et al. 2007).

Figure 1a shows a map of mean precipitation, based
on 1DD GPCC data. The Sahara Desert, occupying much
of Africa’s Northern Hemisphere landmass, receives less
than 25 mm yr~ ' over its driest region. Likewise, the
Namib Desert of western Namibia is also extremely dry.
In comparison, the wettest zones average more than
2 m yr . The wet zone of Africa extends from about
10°N to 10°S across the western two-thirds of the conti-
nent. The maximum along the West African coast can
be viewed as the easternmost extension of the Atlantic
ITCZ, while the maximum centered near Mount Came-
roon (~5°N, 10°E) corresponds to the western edge of the
broad equatorial maximum, centered in the Congo
basin, associated with the local Hadley cell. Even
though most of the region receives less than 2 m yr !
(Fig. la)—compared to more than 3 m yr ' in the
Amazon basin—discharge of the Congo River, whose
namesake basin is entirely within the wet zone, is second
to that of the Amazon River (Dai and Trenberth 2002).
Farther to the east, annual precipitation decreases rap-
idly across the mountainous region east of Lake Victoria
(elevations are shown in Fig. 1b). Away from the equator,
in the Northern Hemisphere (NH), there is another iso-
lated precipitation maximum over the Ethiopian High-
lands (prominent in Fig. 1a). This mountainous region is
often referred to as the water tower of Africa because of
the many major rivers that emanate from it. In particular,
more than 80% of the Nile flow originates in the northern
Ethiopian Highlands (El-Fadel et al. 2003; Senay et al.
2009). In the Southern Hemisphere, there is also a zone of
enhanced precipitation between about 10° and 20°S, ex-
tending southeastward and reaching a maximum in Mad-
agascar, roughly consistent with the position of the South
Indian convergence zone identified by Cook (2000).

These results are now compared with a corresponding
map based on satellite measurements from the Tropical
Rainfall Measuring Mission (TRMM) (e.g., Kummerow
et al. 1998). The TRMM 3B42 daily data were
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FIG. 1. (a) Annual average precipitation (mm) from 1997 to 2008
GPCP data. Note scale is not linear. (b) Elevation (m) of continent.

interpolated to match the GPCP grid and only years
1998-2008 were used. The major features of the TRMM
long-term mean (Fig. 2a) agree with those obtained with
the GPCP (Fig. 1a), even though the years included are
slightly different. The differences between the two an-
nual average estimates are shown in Fig. 2. In general, the
GPCP indicates larger amounts than TRMM from 15°N
to 15°S. In the eastern Congo and in western West Africa,
for instance, GPCP mean precipitation is more than 700
mm higher than TRMM (as much as 170% of TRMM).
The largest percent differences, however, are found
around 20°N from the west coast to about 30°E, across the
transition from the Sahel to the Sahara desert, with
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TRMM exceeding GPCC by more than twofold (and even
threefold) at many locations.

A monthly precipitation dataset computed entirely
from station records is also available: the U.S. Agency
for International Development Famine Early Warning
Systems Network (FEWS NET), also regridded to match
GPCP from 12.5°S to 25.5°N. Station records include
those from the Ethiopian National Meteorological Agency,
the Centre Régional Agrhymet, the United Nations Food
and Agriculture Organization, and the National Oceanic
and Atmospheric Administration Global Historical Cli-
matology Network. Still, coverage is sparse: if stations were
evenly distributed, there would be one every 5000 km?.
Furthermore, the number of stations has decreased since
the 1980s. When station observations are missing, the
gridpoint values revert to the 1960-89 climatology. Thus, in
many cases the gridpoint value represents more the cli-
matology than the average of the 1998-2008 period. (The
data and additional description can be found online at ftp://
hollywood.geog.ucsb.edu/pub/FEWSNETInforming
ClimateChange AdaptationSeries/FCLIM_TS/.)

Figures 3a,b show differences between the GPCP
(TRMM) and FEWS NET annual totals. Both GPCC
and TRMM tend to be high compared to FEWS NET
across the West African Sahel, although the differences
with GPCP are larger. On the other hand, along the
southwest coast of West Africa, TRMM is substantially
lower than either GPCP or FEWS NET. Over the eastern
Congo, GPCP is high and TRMM is low relative to FEWS
NET. Large GPCP excesses are also seen just northwest
of the Ethiopian Highlands. In the complex topography
of the highlands, GPCP and FEWS NET are in good
agreement, while TRMM is low, but note that Dinku
et al. (2007) found TRMM to be more reliable than GPCP
there. Overall, in areas with large differences the gauge
data often lie somewhere in between GPCP and TRMM,
with GPCP biased high.

3. Defining the wet season(s)

The methodology used to determine the characteris-
tics of the wet season is similar to that developed by
Liebmann and Marengo (2001) for South America and
Liebmann et al. (2008) for North America. To begin,
one must determine the start of the climatological
“water” or hydrologic year. At each grid point this is
found by first calculating two quantities, the long-term
annual-mean daily average and the long-term daily av-
erage for each day of the year (both in millimeters per
day). Starting from 1 January (although any start date
will produce the same result), the climatological daily
average minus the climatological annual-mean daily
average is summed (this is called the climatological
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b) TRMM Minus GPCP Average Annual Total
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FIG. 2. (a) Annual average precipitation (mm) from TRMM for the period 1998-2008. (b) TRMM minus GPCP differences (mm) in
annual averages for the same period.

anomalous accumulation). The first day past the mini-
mum in this value is defined as the start of the water year
because on this date climatological daily precipitation
exceeds the annual average.

Once the climatological water year has been found, the
onset for each year and each grid point can be determined.
For each year of record, beginning 50 days prior to the
start of the climatological water year and ending at the end
of the climatological water year, daily precipitation minus
the long-term annual-mean daily average is summed. This
sum is called the “anomalous accumulation.” The day
after the value of the anomalous accumulation reaches
its absolute minimum is taken to be the start of the wet
season since, from that day onward for this particular
year, accumulated precipitation (relative to onset) ex-
ceeds what would be expected from climatology. Con-
versely, the day on which anomalous accumulation is
largest marks the end date of the wet season since fol-
lowing that day relative accumulation is less than ex-
pected from climatology. Wet season total, length, and
rate are calculated from each year’s start and end date.

The wet season definition described above and used
throughout this paper was developed to provide a rela-
tively objective method that can be applied uniformly
because it depends on the local climatology. The only
subjective aspect of our definition is the threshold re-
quirement that precipitation exceed its local annual av-
erage for onset to occur. Moreover, the present definition
accounts in an objective way for the problem of ““false”
onsets, as discussed below.

Most definitions of onset used in previous studies set
an arbitrary fixed threshold requirement of continued

rainfall to avoid a false onset. These criteria are designed
for agricultural purposes so that onset dates may be used
to determine optimal planting time by guaranteeing
enough soil moisture during and after (Marteau et al.
2009). While they are likely appropriate for the region in
question, they may not be adequate for other areas
without additional tuning. For example, Marteau et al.
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FIG. 4. Anomalous accumulation curves for the grid point at

12.5°N, 3.5°W (labeled C in Fig. 6) for climatology and years 2006
and 2007.

defines onset as the first wet day (1 mm or more) of one
or two consecutive days totaling at least 20 mm without
any 7-day dry spell (totaling less than 5 mm) during the
20 following days.

Instead, the no-dry-spell requirement is automatically
accounted for in our algorithm because, if it is dry for an
extended time, the anomalous accumulation value will
dip below the value corresponding to the day that was
the initial candidate for onset, thus disqualifying the
original date. Moreover, the allowed duration of the dry
period varies. If there is substantial rainfall at onset, the
allowed dry period will be longer than if precipitation
at onset barely exceeds the threshold (the climatological
daily precipitation).

To illustrate the method, Fig. 4 shows the anomalous
accumulation curve computed from the daily climatol-
ogy, as well as curves for two individual years, at grid
point 12.5°N, 3.5°W located within the Sahel semiarid
region and whose monthly precipitation climatology is
shown in Fig. 6 (point C). The annual cycle is typical of
a monsoon regime with a single peak in summer and
virtually no rainfall in winter. The climatological start
and end dates of the wet season are 21 May and 29
September. These climatological onset and end dates
(here and elsewhere in the paper) are determined by
averaging onset and end dates for individual years. They
generally differ only slightly from those determined
directly from the climatological anomalous accumula-
tion. The average wet season precipitation is 781 mm
(again, computed as the average of each year’s wet
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season). For this illustrative example anomalies accrue
from 1 January. The 2007 wet season produced an av-
erage amount of precipitation (almost exactly), while
2006 received quite a bit more: almost 900 mm in total.
Most of the difference can be explained by the fact that
the 2006 season was 33 days longer (144 days) than the
2007 season (which was shorter than average) with both
an earlier onset date and a later end date. The larger rain
rate during the 2007 wet season compared to 2006 (7.0 vs
6.2 mm day '), however, partially compensated for the
shorter season. Note that season 2007 exhibited a false
start about 10 days prior to the real onset.

In the heart of the monsoon region, typified by the
example in Fig. 4, the wet season is always defined and
well behaved. In some (generally dry) areas, however,
a problem occurs if the wet season for a particular year
is extremely short and/or weak, or even absent. In those
instances the anomalous accumulation curve will slope
upward for only a brief period (short season) and/or
exhibit such a modest maximum (weak season) that sub-
sequently it will dip beyond the original minimum, or else
it will be negatively sloped in the entire search interval
(no wet season). Either way, the algorithm indicates the
starting date of the wet season to be the last possible day
of the search. To remove these spurious onset dates and
locate the true onset date (if present), an alternative
definition of onset is developed. For each day within the
onset search interval, the number of days until the
anomalous accumulation dips below the value on that
reference day is counted. The day with the largest count
is defined as onset. In general, onset dates from both
methods agree. When and where these two definitions
differ, the wet season is considered to be “‘missing’” and
that year is not included in the mean onset date calcu-
lation at that particular location. Also, start and end dates
are set as missing if these are less than five days apart in
order to avoid problems with brief bursts of rainfall that
can occur at any time of the year in dry areas.

An indication of the extent to which the wet season, as
defined here, captures precipitation in a given region is
shown in Fig. 5, which depicts the percent of annual
precipitation occurring in the wet season. Over much of
the continent more than 80% of the annual total occurs
within the wet season. The fraction is large between
about 10° and 15° of latitude in both hemispheres
and even larger (95%) at higher latitudes of the NH. In
some regions, however, the wet season percentage is
substantially lower. Along the equator, for example,
extending eastward into the Horn of Africa, and also
near the southern tip of Africa, this percentage falls
below 50%. Generally, these are areas with two wet
seasons or no distinct dry season, as will be documented
below.
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FIG. 5. Percent of annual total precipitation occurring in the wet
season from GPCP: method for determining wet season is dis-
cussed in text.

4. Results
a. Annual precipitation distribution

Figure 6 shows the ratio of the second to first annual
harmonic, computed from monthly climatologies, to-
gether with monthly climatologies at selected locations
based on the GPCP, TRMM, and, where available, FEWS
NET. The map gives an indication of where precipitation
is evenly distributed throughout the year versus locations
characterized by a single, sharp, wet season. There is some
correspondence between a large first harmonic and a
large percentage of rainfall contained within the defined
wet season (Fig. 5) because single wet seasons are best
captured by our methodology. In general, the second
harmonic is relatively large near the equator, a reflection
of the two wet seasons that occur following the two cross-
ings of the solar zenith. For example, points marked D, E,
and J in Fig. 6 all exhibit two annual peaks in precipitation.

It is interesting that at the Ivory Coast, near point D
(5.5°N, 3.5°W), the double peak extends from 6.5°N to
the equator (into the ocean, not shown), but in the SH
there is only a single peak in March, decreasing with
latitude (not shown). Although the timing of the max-
ima and minima agree, TRMM and FEWS NET both
indicate nearly twice as much precipitation in June than
in October, while the GPCP estimates comparable amounts
in the two wet seasons. Also noteworthy is that, within
the near-equatorial double maxima zone (point D), one
of the annual minimums occurs in August—the same
month where rainfall is maximum at this same longitude
north of 10.5°N (points C and B)—which is consistent
with the “jump” in the northward progression of the wet
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season discussed by Le Barbé et al. (2002) and Hagos
and Cook (2007). This jump in the monsoon onset has
been ascribed to inertial instability resulting from net
moisture convergence into the region (Hagos and Cook
2007) and to teleconnections from the Indian monsoon
associated with Rossby wave propagation (e.g., Janicot
et al. 2009; Flaounas et al. 2010).

Within the Congo basin (e.g., point E in Fig. 6), the
equatorial zone with its two annual peaks, is a region of
transition from a regime with a single wet season in that
hemisphere’s summer to one with a single wet season in
the opposite hemisphere’s summer. A single summer
wet season is thus observed poleward of 3.5°N and 3.5°S
with the dry season becoming more pronounced with
increasing distance from the equator. Near the equator,
all precipitation datasets agree that the climatological
wet season centered in November is always wetter than
the one in April, but the difference is relatively small.

To the east the mountainous Lake Victoria region,
source of the White Nile, has two roughly equal peaks in
April and November, although the intervening months
are not excessively dry (not shown). Indeed, western
Kenya, located east of Lake Victoria, is wet enough year-
round to produce rice as a primary crop (International
Research Network 2005).

The most prominent second harmonic is found within
the Horn of Africa (Fig. 6). Rainfall in this region, which
is isolated from the rest of Africa by the Ethiopian
Highlands and the Victoria Plateau (Fig. 1b), is substan-
tially lower than in other near-equatorial regions (Fig.
la). At point J (3.5°N, 41.5°E) in Fig. 6, representative of
the region, the monthly climatology shows prominent
peaks in April and October, evident in all datasets, sep-
arated by six months with almost no precipitation in be-
tween. The interannual standard deviation relative to
the monthly climatology is quite large in that region (not
shown). In particular, during October it exceeds the mean
(ibid.).

Much of the rest of the tropics has a single summer wet
season and a dry winter, characteristic of a monsoon
regime (e.g., points B, C, H, 1, and K in Fig. 6). Precip-
itation during the wet season generally tends to decrease
with increasing latitude from the equator. For example,
in the Sahel semiarid region [variously defined—see e.g.,
Nicholson et al. (1996); Hoerling et al. (2006)—but here
considered to be ~12°-18°N, see points B and C in
Fig. 6], the peak of the wet season occurs in August
throughout (except in TRMM for which the peak at
17.5°N occurs in July), but the season is substantially
wetter at 12.5°N than at 17.5°N.

Note, incidentally, that a large second harmonic does
not always indicate the existence of two separate wet
seasons. For instance, at point B in Fig. 6 (17.5°N, 3.5°W)
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FIG. 6. Ratio of second to first annual harmonic computed from monthly climatologies. Graphs on perimeter show seasonal cycle of
precipitation based on monthly averages (mm) at selected locations, for the period 1998-2008 for GPCP (red), TRMM (blue), and FEWS

NET (black, where available).

there is a single wet season, yet the second harmonic has
substantial amplitude. This is because the wet season is
short enough that the annual cycle projects substantially
onto the second harmonic.

An important transition occurs in the northern sub-
tropics from a summer to a winter precipitation maxi-
mum. Africa’s northern tier, from the Atlantic coast
through the area north of the Atlas Mountains and
along the Mediterranean coast of Libya and Egypt,
exhibits a precipitation regime characterized by a win-
ter maximum and a dry summer, typical of a Mediter-
ranean climate (point A in Fig. 6). In the driest part of
the Sahara (see Fig. 1), precipitation, when it does oc-
cur, is usually short lived and shows little seasonal
preference.

In contrast with the northern subtropics, in the southern
subtropics a prominent winter peak is observed only near
the extreme southwestern coast (e.g., point F in Fig. 6).

Throughout this narrow region, annual precipitation is
low (Fig. 1a). The southeast-northwest oriented band,
starting at the tip of southern Africa and extending to
25°S, characterized by a relatively large second harmonic
(Fig. 6), marks the transition between a summer maxi-
mum to the north and east (e.g., point H) and a winter
maximum to the west and south (point F). Point G
(32.5°S, 20.5°E) is located in this transition zone; what
little precipitation falls is evenly distributed through-
out the year. At the southern tip of Africa, the defined
wet season does not capture a large fraction of pre-
cipitation (Fig. 5).

The monthly averages shown in the bar graphs of Fig.
6 do not differ substantially between datasets, with a few
exceptions. Differences generally involve amounts, rather
than phasing, although TRMM appears to peak too early
in the northern Sahel (point B). Along the southern coast
of western Africa (point D), TRMM is 40% higher than
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FIG. 7. Average (a) start date, computed from start dates of in-
dividual years, and (b) end date of wet season. Continental areas
are masked if the ratio of second to first annual harmonic is greater
than 4, the percent of annual total precipitation occurring in the wet
season is less than 65%, or fewer than seven start dates are defined.

GPCP at the June maximum, and FEWS NET is higher
still, but the timing of the wet seasons is consistent across
datasets. Instead, in the higher latitudes of Africa with
Mediterranean-like climates (points A and F), the GPCP
indicates a maximum in midwinter that is absent in
TRMM.

b. Characteristics of the wet season

Figures 7a and 7b show the average onset and end
dates of the wet season. Some areas have been masked
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because there are multiple wet seasons (most pronounced
in the eastern Horn of Africa), substantial precipitation
falls outside the wet season, or onset is not robust (mostly
in the Sahara Desert), and thus the technique is of limited
value in those areas (see figure caption for details). The
Horn of Africa, however, will be analyzed later using
a modified definition of onset.

In general, the wet season begins in each hemisphere’s
early spring and spreads poleward, more rapidly in the
Southern than in the Northern Hemisphere (Fig. 7a),
with an equatorward withdrawal (Fig. 7b), again more
rapid in the Southern Hemisphere. For instance, the wet
season does not reach 20°N until boreal midsummer but
is established throughout 20°S by late austral spring.

Onset and end in the region of enhanced annual pre-
cipitation over the Ethiopian Highlands (Fig. 1a) are in
line with those at the same latitude to the east and west
(Fig. 7). The climatological precipitation maximum in this
area is thus a result of a locally increased wet season rate
(not shown).

1) SOUTHERN AFRICA

Figures 8a and 8b are equivalent to Fig. 7 except they
focus on Africa’s Southern Hemisphere. The wet season
expands from the southeast coast toward the west-
northwest and from the Congo basin to the southeast
throughout spring (Fig. 8a). Note that Fig. 8a has uneven
contour intervals around 11 March that reflect a discon-
tinuity in starting dates and the peculiar winter precip-
itation regime at the southwestern tip. The westward
expansion of the wet season across southern Africa agrees
with the progression of onset in this region, as determined
by Tadross et al. (2005). As a result, the latest summer
monsoon onset occurs along a northeast-southwest band
passing through 17°S, 25°E.

The earliest ending of the southern wet season occurs
in mid February at about 24°S, 30°E following which the
dry season expands in all directions from there. (Again,
while the contours make it appear as though there is a
continuous withdrawal into the southwest corner, there
is actually a discontinuity from April to June.) Withdrawal
is not a mirror image of onset: the earliest withdrawal
occurs north of the region of earliest onset (Fig. 8a), re-
sulting in a long wet season along the east coast at around
30°S (Fig. 8c). Although the wet season rate is not ex-
ceptional (Fig. 8d), the long duration results in a local
maximum in wet season (and annual) precipitation (Figs.
8e and 1a). The local maximum near the eastern coast at
about 15°S, on the other hand, is the result of an enhanced
rain rate (Fig. 8d) rather than a long season (Fig. 8c).

The TRMM minus GPCP average wet season total is
shown in Fig. 8f. Wet season characteristics are computed
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FIG. 8. As in Fig. 7a but for southern Africa. Note larger contour interval before and after 11 Mar. (b) As in Fig. 7b but for southern
Africa. Note larger contour interval before and after 24 Jun. (c) Average length of wet season in days. (d) Average daily precipitation rate
during wet season (mm day " !). (¢) Average wet season total (mm). (f) TRMM minus GPCP difference in average wet season total (mm).

for the exact same periods in each dataset, which includes
wet seasons from 1998-99 to 2008-09. The differences are
minor south of about 18°S, but to the north GPCP totals
are substantially larger than TRMM. The wet season

difference is the reason GPCP annual totals are larger
than TRMM (Fig. 2b). This wet season difference is the
result of both a higher wet season rate and longer wet
season in GPCP than TRMM (not shown).
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F1G. 9. (a) Average start date of wet season for western/central
Africa. (b) TRMM minus GPCP difference in average start day
(days). (c) Average length of wet season in days. (d) Average daily
precipitation rate during wet season (mm day ). In (c) and (d)
continental areas with less than 80% of annual precipitation oc-
curring during the defined wet season are masked.

2) WEST AND CENTRAL AFRICA

West Africa and the western Sahel have been studied
more extensively than other parts of the continent (e.g.,
Nicholson 1980; Nicholson et al. 1996; Redelsperger
et al. 2006; Hagos and Cook 2007; Janicot et al. 2008;
Marteau et al. 2009), but few studies have focused on
central Africa. Recently, West Africa has been the sub-
ject of several field campaigns, as part of the African
Monsoon Multidisciplinary Analysis (AMMA) program,
with particularly intense field activity in 2006 (e.g.,
Redelsperger et al. 2006; Lebel et al. 2010).

Figure 9 is focused on western and central Africa. The
wet season begins near the southernmost coast of West
Africain early March (Fig. 9a). Although this region was
masked in Fig. 7 because the defined wet season does not
capture a large fraction of the annual total, onset here is
robust and reflects the start of the primary wet season.
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This area of early onset coincides with a local minimum
in annual precipitation (Fig. 1a). Onset occurs some-
what later to the east, and still later to the northwest, in
the vicinity of the observed local maximum in annual
precipitation.

North of about 10°N the wet season progresses rela-
tively evenly northward, at least on average, although
Marteau et al. (2009) found little spatial coherence on
interannual time scales in the western Sahel. Moreover,
close inspection reveals that from 10° to 15°N onset
dates west of about 5°E occur about a month earlier than
east of about 10°. In the west, dates are in reasonable
agreement with those determined by Le Barbé et al.
(2002) using a different definition for onset. Over the
western Sahel the relative sense of onset is also consis-
tent with the dates determined by Marteau et al., al-
though their average onset dates appear to be about two
weeks later than those determined here, primarily due
to a higher threshold compared to ours (their definition
of onset is given in section 3).

Figure 9b shows the TRMM minus GPCP average
onset date. South of 10°N onset occurs earlier in the
GPCP than in TRMM, by more than one month in some
areas. In the region of largest discrepancy, near (9°N,
9°W), GPCP amounts are close to FEWS NET’s in each
month, while TRMM is substantially lower (not shown).
Most importantly for onset, the ramp up in GPCP occurs
earlier than TRMM.

The average wet season end is not shown because
withdrawal is relatively uniform with longitude, except
west of about 5°W, where it occurs later than to the east.
The wet season withdraws more rapidly than it begins.
Furthermore, the GPCP and TRMM are in good agree-
ment for the most part, except TRMM ends earlier in the
area along the west coast where annual totals are quite
different (Fig. 2b).

The length of the wet season is shown in Fig. 9c. The
map is masked where less than 80% of annual precip-
itation is contained within the wet season. This mainly
masks the southern coast of West Africa where there is
a secondary wet season after a minimum in August (see
point D of Fig. 6). Length varies sharply in latitude, with
the wet season generally lasting over half a year south of
about 9°N but only 50 days at 20°N. The length of the wet
season at a given latitude is about a month longer west of
5°E than east of 10°E, a reflection of the earlier onset
date in the west. Differences between GPCP and TRMM
(not shown) are mostly due to differing onset dates.

The wet season rain rate (Fig. 9d) exhibits large var-
iations in longitude near 10°N with the largest rates
found along the west coast. These rates are twice as large
as to the east and more than compensate for the short
season (Fig. 9c), resulting in high annual totals (Fig. 1a).
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F1G. 10. Anomalies for 2006 in (a) wet season total (mm), (b)
length (days), and (c) rate (mm day ). Continental areas with less
than 80% of annual precipitation occurring during the defined wet
season are masked.

High rates in TRMM are narrowly confined to the coast
(not shown).

As an example of how anomalous West African pre-
cipitation characteristics vary on an interannual basis,
Fig. 10a shows the wet season precipitation anomaly for
year 2006, the focus year of the field component of the
AMMA project. Most of West Africa exhibits near-
average precipitation (see also Janicot et al. 2008), while
central Africa, south of about 13°N, received substan-
tially more than average (between 100 and 300 mm more).
The anomaly in wet season length is shown in Fig. 10b.
The largest deviations in length (~50 days) result from
early start dates, as end dates are close to climatology
(not shown). Rate anomalies, shown in Fig. 10c, indicate
that the wet season surplus in central Africa, east of 5°E,
resulted from both an anomalously long and rainy sea-
son. On the other hand, along the west coast the deficit
was entirely due to a low rate as length anomalies are
positive in that region.

The 2007 wet season was the driest of the 1997-2008
GPCP record in the west (Fig. 11a), while east of the
Greenwich meridian precipitation was near average
except in the far south and east of the domain. During this
season both length (Fig. 11b) and rate (Fig. 11c) anomalies
contributed to dryness in the west. Instead, in the south
only length anomalies led to the above-average

JOURNAL OF CLIMATE

VOLUME 25

a) Wet Season Anomaly for 2007

15W 10W 5W 0 5E 10E 15E 20E 25E 30E

b) Length Anomaly for 2007
| 7 ] 50
40
30
20
10
0
-10
-20
-30
-40
-50
15W 10W 5W 0 5E 10E 15E 20E 25E 30E
c) Rate Anomaly for 2007
20N T3 > S
el : )“ ,&7‘4 Y 35
15N | 7 { 1.5
S S n W V&\' =n) 0.5
b ¢ A DS a @/ \e 0
10N Nl -<"> %ﬁ‘y/:‘ { 3%
N T % ! 18
5N peo 10 DPO-Y 25

15W 10W 5W 0 5E

10E 15E 20E 25E 30E
F1G. 11. As in Fig. 10 but for year 2007.

precipitation, while in the east a large rain rate was re-
sponsible for the surplus near 30°E.

TRMM and GPCP annual anomalies for 2006 and
2007, relative to their respective 1998-2008 average, are
shown in Fig. 12. While there are broad similarities be-
tween the patterns of anomalies for each year, there are
large differences in detail. In 2006, for example, TRMM
(Fig. 12a) indicates extremely large negative anomalies
along the southwest coast compared to GPCP (Fig. 12b),
and that is on top of an already drier average in TRMM
(Fig. 2b). The following year, however, both TRMM and
GPCC exhibit large dry anomalies in that same region,
more pronounced in GPCC (Figs. 12¢,d). Thus, differ-
ences between datasets cannot be accounted for by bias
alone. Indeed, in 2006 at about 25°E, anomalies are gen-
erally of opposite sign in the two datasets.

Based on interannual point-by-point correlations (not
shown), the length of the wet season and its rate appear to
be largely independent. Correlations of wet season total
versus length and rate reveal a tendency for length to be
the controlling factor in the south of the domain (also not
shown). Instead, variations in rate explain the most vari-
ance in wet season total throughout most of the Sahel and
in the region of recurrent large anomalies along the west
coast (Fig. 12), as illustrated for year 2007 in Fig. 11a. The
limited number of years available, however, results in
most of the correlations being not statistically significant.

We will now try to identify common dynamical patterns
leading to onset for the results could help prediction of
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FIG. 12. Anomalies of annual totals relative to the 1998-2008
average (mm) for (a) TRMM and (b) GPCP in 2006 and for (c)
TRMM and (d) GPCP in 2007.

onset date. Figure 13 shows composited fields relative to
the day of onset at 12.5°N, 3.5°W. GPCP precipitation is
shaded, TRMM precipitation is contoured, and the vec-
tors represent 30-day high-pass filtered National Centers
for Environmental Prediction reanalysis 200-hPa winds.
From day —4 to day —3, precipitation decreases over
South America and increases over the western and cen-
tral Atlantic (Figs. 13a,b). This zonally elongated band of
precipitation suggests that an active ITCZ is still strongest
in the western Atlantic on day —2 (Fig. 13c). On day —1
(Fig. 13d) the heaviest precipitation has moved to the
central Atlantic. At onset (Fig. 13e), there is light pre-
cipitation over the African continent and more over the
eastern Atlantic. The heaviest precipitation occurs at
the coast on day +1 (Fig. 13f). The entire sequence gives
the impression of a disturbance propagating eastward
along the axis of the ITCZ from South America to the
Guinea coast, suggesting the possibility that a con-
vectively coupled Kelvin wave is involved (e.g., Wang
and Fu 2007; Mekonnen et al. 2008). Certainly, Kelvin
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waves have been implicated in at least one instance of
monsoon onset over West Africa (Mounier et al. 2008).

The contours of TRMM align quite closely with those
of GPCP in Fig. 13, even though the TRMM composite
does not include year 1997. That is in part because the
onset sequence for each year (not shown), although noisy,
resembles the composite. While this may be the best
composite example of eastward propagation along the
ITCZ associated with onset, composites at other latitudes
in western Africa also show eastward movement within
the ITCZ. This example thus highlights the potential for
prediction of monsoon onset over Africa using the data-
sets and techniques outlined in this study.

3) EASTERN HORN OF AFRICA

The eastern Horn of Africa, taken here to include
eastern Ethiopia and the coastal plain of Somalia and
eastern Kenya, is interesting for its strong semiannual
cycle associated with two wet seasons, which occur be-
tween March and June (e.g., Camberlin and Philippon
2002; Williams and Funk 2011) and between September
and December (e.g., Hutchinson 1992). These wet sea-
sons, referred to as March-June and September—De-
cember hereafter (although the timing and names vary
regionally), result from the northward and southward
movement of the Indian Ocean ITCZ (Hutchinson 1992;
Bowden and Semazzi 2007). In Somalia most crops are
planted in spring (Hutchinson 1992), as the March—June
wet season is generally wetter and traditionally consid-
ered more reliable than the September—December sea-
son. Indeed, in the September-December wet season
some parts of Somalia experience crop failure in one of
three years (Hutchinson 1992). Some of the September—
December interannual variability is explained by a mod-
erate relationship with the Southern Oscillation (Ogallo
et al. 1988), whereby weak rainfall tends to occur in years
with a high SOI index or La Nifia conditions (Kiladis and
Diaz 1989; Hutchinson 1992).

As previously mentioned, precipitation in the eastern
Horn is relatively low compared to the rest of the near-
equatorial belt, ranging from less than 200 mm yr ' in
the north to somewhat more than 700 mm yr ' along the
Kenya coast (Fig. 14a). As over much of the equatorial
belt, GPCP estimates tend to exceed both TRMM (Fig.
14b) and FEWS NET (Fig. 14c). To examine the char-
acteristics of each wet season, the March-June season
is assumed to begin as early as 1 January and end as
late as 29 July in the onset search algorithm, while the
September-December wet season is allowed to occur
between 15 June and 12 January. The areas in which
the ratio of the amplitude of the second to the first
harmonic is less than 0.75 are set to missing.
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FIG. 13. Composite of GPCP precipitation (shaded), TRMM precipitation (contoured, interval 6 mm day

! with

zero contour omitted and negative contours dashed), and 30-day high-pass 200-hPa wind vectors relative to onset at

12.5°N, 3.5°W (dot).

The March—June wet season spreads rapidly almost due
eastward toward the tip of the Horn from about 37.5°E in
early April to the entire peninsula by mid-to-late April
(Fig. 15a). Average onset as depicted by TRMM (Fig.
15b) is within 10 days of GPCP over most of the domain.
The precipitation rate (Fig. 15¢) during the March-June
wet season varies from less than 3 mm day ! in the north
to more than 10 mm day ' in south-central Somalia.
The GPCP rate generally exceeds TRMM except in
the south (not shown). The “bull’s-eye” at 45°F is also
not evident in TRMM (not shown), although the swath
of high rates extending to the southwest is.

The March—June wet season length (Fig. 15d) ranges
from less than a month in the north, near the coast, to
more than double that at the south coast and in the
western interior. Although there are isolated points
throughout the domain with length differences of 20
days or so between GPCP and TRMM, TRMM lengths
are systematically longer only in the north (not shown).
The March-June season total (Fig. 15¢) is less than
100 mm in the north but more than 400 mm along the
coast of Kenya. Except in the vicinity of the bull’s-eye
in GPCP rate, GPCP and TRMM seasonal totals are
within 50 mm of each other throughout most of the do-
main (Fig. 15f).

The September—December wet season (Fig. 16a) spreads
southward from the north coast in early September
and arrives at the equator in mid October. Withdrawal
(Fig. 16b) is roughly opposite so that, even though the
rate (Fig. 16¢c) decreases with increasing latitude, the
length (Fig. 16d) is roughly uniform in space; therefore,
the wet season total distribution (Fig. 16e) mimics that
of the rate. Differences in the length and rate between
GPCP and TRMM are usually small, except for several
isolated grid points (not shown). Consistently, the pat-
tern of differences in the wet season total (Fig. 16f) is
rather bland and similar to that in March—June (Fig. 15f).

Figures 17 and 18 show composites of GPCP (shaded),
TRMM (contoured), and 30-day high-pass 850-hPa wind
relative to onset for the March—-June and September—
December wet seasons at 3.5°N, 41.5°E. In both com-
posites the GPCP and TRMM alike show the entire
eastern Horn to be almost completely dry up to the day
of onset. The wet conditions observed at onset (Figs. 17¢
and 18e) remain on day +1 (Figs. 17f and 18f) and be-
yond (not shown). At onset most of the precipitation in
the eastern Horn is located south of the base point in
the March—June composite (Fig. 17¢) and north of the
base point in the September-December composite (Fig.
18e), consistent with the progression of onset in each of
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a) GPCP Average Annual Total (1998-2008) those seasons (Figs. 15a and 16a). In both composites
there is a suggestion of precipitation expanding from the
west at onset, perhaps propagating eastward along the
equator, but the composites are noisy. While GPCP and
TRMM are qualitatively consistent with each other in
that average onset is evident on the same day in both,
the amounts and pattern details vary substantially.
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5. Summary and discussion

400 The motivation of this study was to document annual

%0 mean precipitation, seasonal variations, and wet season
characteristics, focusing on onset over the entire African
continent, using a consistent methodology and complete
200  global dataset. Such a global analysis of the African
ss | ‘ | | wet season has not been attempted before. GPCP high-

352 40E 45E 50E resolution daily precipitation, which extends from late-
1996 to mid-2009, is the primary data source for this study,
but the results are also checked against those obtained
using TRMM and FEWS NET.

Large areas of Africa receive inadequate or unreliable
140 rainfall. Based on GPCP only the coast of West Africa,
130 the mountainous region near the Cameroon—Nigeria
120 border, and isolated spots in the Congo basin receive
110 more than 2 m yr ', and less than 1 m yr~ ! occurs over
vast areas. Moreover, in the wet regions near the equator
these estimates may be biased high, as the GPCC tends to
indicate more precipitation than either TRMM or FEWS
NET. In particular, in the eastern Congo and Guinea
17 coast, GPCP exceeds TRMM by more than 700 mm.
= 80 The timing of the wet season is documented using a
50 consistent, objective, and well-tested definition of onset.
40 Basically, onset is said to occur when daily precipitation
consistently exceeds its local annual daily average and
ends when precipitation systematically drops below that
value. Throughout most of Africa a large fraction of rain
falls in a single summer wet season with a well-defined
onset and end. In the NH the wet season progresses
northward throughout spring. Progression in the SH is
not symmetric: the wet season advances southward until
about 18°S, but farther south it proceeds northwestward
from the southeast coast so that the latest onset is found
at about 18°S, 15°E in late spring/early summer. Another
interhemispheric asymmetry is found in subtropical re-
gions: unlike the tropics, the northern tier of the conti-
nent exhibits a single precipitation maximum in winter,
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FIG. 14. Average (a) GPCP annual total precipitation (mm) for
the period 1998-2008 and for (b) TRMM and (c) FEWS NET as
percent of GPCP for same period.
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FIG. 15. (a) Average start date of March-June wet season. (b) Average TRMM minus GPCP difference in start
date for March-June wet season (days). (c) Average rate of March-June wet season (mm day '). (d) Average length
of March—June wet season (days). (e) Average March-June wet season total (mm). (f) Average TRMM minus GPCP
difference in March-June wet season total (mm). Areas with ratio of second to first annual harmonic less than 0.75
are blank.
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FIG. 17. Composite of GPCP precipitation (shaded), TRMM precipitation (contour interval 4 mm day '), and 30-day
high-pass 850-hPa wind vectors relative to onset of the March-June wet season at 3.5°N, 41.5°E (dot).

but in the SH this Mediterranean-like regime is only
found in a narrow region along the extreme southeast-
ern coast.

Equatorial Africa often exhibits two wet seasons and
a relative abundance of precipitation. There, the interval
between the wet seasons is characterized by reduced, but
not insignificant, rainfall. An exception to equatorial
rainfall abundance lies in the region ringed to the west by
the Ethiopian Highlands and by the mountainous region
that includes Mount Kilimanjaro and Mount Kenya (Fig.
1b). This region spans the equator, yet is semiarid to
arid. The focus here has been on the part of this do-
main—approximately the easternmost Horn of Africa—
that exhibits a strong semiannual cycle of precipitation
(Fig. 6) with completely dry conditions between the two
wet seasons. The detailed figures of onset (Figs. 15a and
16a) and end (Fig. 16b) show a pattern clearly consistent
with a northward ITCZ displacement in spring and
southward in fall. Nevertheless, the connection between
the ITCZ, as a continuously migrating zone of pre-
cipitation, and the wet season in this region is tenuous
in climatological maps of monthly precipitation (not
shown).

At selected locations in the Sahel and eastern Horn
(Figs. 13, 17, and 18), onset is associated with enhanced
precipitation approaching from the west. In particular,
the composite relative to a Sahel grid point (Fig. 13)

suggests that onset is preceded by an eastward propa-
gating disturbance that intensifies the ITCZ as it crosses
the Atlantic and moves into Africa.

No immediate conclusion can be drawn as to which
dataset best represents African precipitation. On annual
scales, if one assumes the FEWS NET gauge network to
be the most reliable, the GPCP and TRMM outperform
each other in certain areas. In general, GPCP annual
estimates exceed the TRMM estimates from 15°N to
15°S. It is reassuring, however, that the seasonal cycle of
precipitation using monthly averages is usually consis-
tent between datasets.

On the other hand, the assumption that monthly pre-
cipitation fields based solely on gauge data are necessarily
more accurate than satellite estimates may be ill founded.
Gauge coverage over Africa is sparse (McCollum et al.
2000) and the data that are present may not be accurate.
For example, in the eastern Horn (point J of Fig. 6),
GPCP averages 622 mm yr ! and agrees well with both
TRMM and FEWS NET. Yet, at a nearby station
(Mandera, Kenya; 3.9°N, 41.8°E), the annual mean
based on the period 1946-72 is only 228 mm yr '
(Griffiths 1972). One recurring problem is that gauge
data may be biased low if missing daily values are set to
zero when calculating monthly totals, as is, unfortunately,
common practice (e.g., Liebmann and Allured 2005). On
the positive side, GPCP and TRMM agree well, for the



15 JUNE 2012

LIEBMANN ET AL.

4321

FIG. 18. As in Fig. 17 but for the September-December wet season.

most part, in their estimates of average onset date, con-
sistent with their agreement in the phasing of the annual
cycle.

Although the results presented here are based on only
12 years of data and should thus be viewed with some
caution, we believe the methodology developed here
will be useful to enhance our understanding of the Afri-
can wet season and its year-to-year variability and thus to
improve monsoon prediction.
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