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Most of the African continent is semi-arid and hence prone to extreme variations in rainfall from year to year.
The extreme droughts that have plagued the Sahel and eastern Africa are particularly well known. This article
uses a markedly expanded and updated rainfall data set to examine rainfall variability in 13 sectors that cover
most of the continent. Annual rainfall is presented for each sector; the March-to-May and October-November
seasons are also examined for equatorial sectors. In each case, the article includes the longest and most com-
prehensive precipitation gauge series ever published. All time series cover at least a century and most cover
roughly one and one-half centuries or more.

Although towards the end of the 20th century there was a widespread trend towards more arid conditions,
few significant trends are evident over the entire period of record. The largest were downward trends in the
Sahel and western sectors of North Africa. In those regions, an abrupt reduction in rainfall occurred around
1968, but a synchronous change occurred many other parts of Africa. A recovery did occur in the Sahel, but to
varying degrees across the east-west expanse of the region. Noteworthy is that the west-to-east rainfall gradient
across the region appears to have weakened in recent decades. For the continent as a whole, another change
began in the 1980s decade, with more arid conditions persisting at the continental scale until early in the twenty-
first century. No other such period of dry conditions occurred within the roughly one and one-half centuries
evaluated here. A notable change also occurred at the seasonal level. During the period 1980 to 1998 rainfall
during March-to-May was well below the long-term mean throughout most of the area from 20° N to 35° S. At the
same time rainfall was above the long-term mean in most of eastern sectors within this latitude span, indicating a
change in the seasonality of rainfall of a large part of Africa.

1. Introduction

eastern Africa (Funk et al., 2015; Nicholson, 2016).
The purpose of this article is to document the continent-wide in-

The African continent is home to over one billion people, most of
whom reside in semi-arid, drought-prone regions. The West African
Sahel is infamous for the extreme droughts that began in the late 1960s
and took a tremendous toll on the food-insecure population. More re-
cently the world's attention has been focused on the extreme droughts
of eastern Africa. The drought of 2011 produced famine conditions in
Somalia, where tens of thousands died of malnutrition; some 11 million
in eastern Africa faced severe food shortages (Tran, 2011). Devastating
floods have also occurred (Samimi et al., 2012; Tschakert et al., 2010).
Of great concern is the projection that Africa may be the continent most
impacted by climate change (Niang et al., 2014) and that droughts
could become more intense and frequent in some areas (Gizaw and Gan,
2017). Such a change appears to have occurred already in parts of
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terannual to multi-decadal variability of annual and seasonal rainfall
over the last century and a half. This is by far the longest and most
detailed record available. The analysis relies on a recently updated data
set and it parallels and extends the continent-wide analysis of Nicholson
(2001). Time series of rainfall are examined for 13 sectors of relatively
homogeneous interannual variability. Analysis of seasonal contribu-
tions to the variability is included for equatorial regions, which ex-
perience two rainy seasons during the course of the year. Decadal-scale
fluctuations for the continent as a whole are also presented.

The results are presented first for variability of annual rainfall, se-
parately considering the sectors in northern, western, equatorial, and
southern Africa (Section 3.1). Although the causes of the variability are
beyond the scope of this article, a brief overview of the relevant, recent
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Fig. 1. Map of available rainfall stations. Black = original data set, red — new
stations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

literature is presented at the end of each regional discussion. A dis-
cussion of seasonal trends in the equatorial sectors follows (Section
3.2). Teleconnections are then considered briefly in the context of
changes in each rainfall regime (Section 3.3). In Section 3.4 maps of
decadal scale fluctuations over the continent as a whole are presented.
Section 4 summarizes the observed trends and suggests areas where
further research is needed.

2. Data and methodology

The first author assembled a gauge data set that was used in nu-
merous publications and described in Nicholson (1986) and Nicholson
et al. (2000). Most records extended only to 1998. This data set was
recently updated for western and equatorial Africa and now includes
2000 station records (Fig. 1). Updates for southern African and Medi-
terranean countries were obtained from the Global Historical Clima-
tology Network. Historical data described in Nicholson (2000) and
Nicholson et al. (2012a, 2012b) were added to the modern records to
produce time series that extend well back into the nineteenth century.
Fig. 2 shows the number of stations available each year and Fig. 3
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Fig. 2. Number of stations available in each year. The dark area shows current
number of stations per year; lighter shading shows the number of stations in
each year in the prior data set.
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presents a histogram of the length of record for individual stations.
Roughly half of the stations cover the period 1930 to 2000, with
roughly 1800 stations being available for the period 1950 to 1990.
Some 100 records are available as of the 1880s. The decline in the
number of records since circa 1980 is a result both of the decline of the
networks in many countries and the increased difficulty and cost for
obtaining records. Over half the station records are 50 years or longer
and some 700 stations have 70 or more years of data. From this gauge
data set, a gridded data set is being prepared and it will be available to
the research community. For eastern Africa the gridded Centennial
Trends data set has already been prepared (Funk et al., 2015).

For many past studies of the first author (e.g., Nicholson, 1986;
Nicholson and Kim, 1997; Nicholson et al., 2012b) the gauge data were
combined into 90 regions spread across the continent. Each region was
determined to be relatively homogeneous with respect to interannual
variability. The updated data set included many new stations and in
some cases additional data for stations already in the original data set.
To determine the appropriate region for new and enhanced stations, the
rainfall time series for each station was correlated with the time series
for several regions near its geographical location. Each station was
assigned to the region with which it was best correlated, if a correlation
above roughly 0.4 was found. The cutoff for inclusion was subjectively
determined, as it depended on the record length between correlated and
the spatial homogeneity of the rainfall regime in the region.

This regionalization process was used as part of the quality control
procedure for the data. The procedure was three-fold. First, each in-
dividual record was subjectively scanned by the first author to identify
any obvious problems and extreme values. The latter were further ex-
amined via comparison with values at nearby stations. Then records
were further scrutinized for stations with low station-region correla-
tions, i.e., those which could not be assigned to a rainfall region. If no
outliers or inhomogeneities were evident, the gauge record was re-
tained in the overall data set but not included in regional averages.

In the current analyses, multi-regional sectors (Fig. 4) are examined.
Each consists of several highly correlated regional time series. In some
cases, subsets of the regions shown in Fig. 4 were evaluated. For ex-
ample, several Sahelian/Soudanian sectors were initially considered.
However, the time series of regional subsets considered were so similar,
that it was decided to present only one time-series.

The calculation for each sector commences with individual station
records. The value for each year j and station i is expressed as a stan-

dardized departure from the station mean r;:
Xij = (yj — n)/o

In the above Xj; is the standardized departure and o; is the standard
deviation over the period for which the mean is calculated. Such cal-
culations can be done for annual, seasonal or monthly time series. The
use of standardized departures allows for the use stations with diverse
means and variances. This is particularly important when the station
network varies over time and station records may contain extensive
gaps. For that reason, this formulation is conventionally used in studies
of interannual variability of African rainfall.

For the multi-region sector average R;, the first step is an arithmetic
average of the standardized departures from all I stations within the
sector that are available for the season or year in question. For example,
in the case of annual values:

This means that a sector value is not the arithmetic average of va-
lues for each region in the sector, but is instead based on an average of
all stations within the sector.

The second step is an adjustment for cases in which only a small
number of stations comprise the average. Adjustment factors were de-
termined, as in Nicholson (1986), by computing the ratio of the
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Fig. 3. Histogram of record length at the stations shown in Fig. 1.

standard deviation of the time series for the full complement of stations In prior work the long-term mean, i.e., the mean over the entire
versus the standard deviation when the time series consists of I number length of each station record, has been utilized. The justification is that
of stations. in some regions, such as the Sahel, the mean can change remarkably
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Fig. 4. Annual time series over the length of record for multi-regional sectors shown in the inset. Rainfall is expressed as a spatially-averaged standardized de-
partures. The dashed vertical lines within sector D are sub-divisions of the Sahel shown in Fig. 5.
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over the 30-year periods traditionally used to establish a mean. Since
most station records in this data set are considerably longer, a mean
over the entire period of record is more robust. Thus, this is used for
calculating time series of rainfall. Spatial maps are also presented in this
paper and, because of the direct comparison between individual loca-
tions, a common mean for each station is appropriate. The time span
chosen for calculation is 1931 to 1970 mean. This 40-year period is
utilized as opposed to the typical 30-year mean because the varying
time spans over which individual stations are available (Fig. 2).

3. Results
3.1. Annual time series

Fig. 4 shows the multi-regional sectors considered. Interannual
variability is highly homogeneous within each. The Sahara is not re-
presented because there are few stations and because spatial coherence
is weak. Much of central equatorial Africa is not represented because
spatial coherence is also weak here and regions on the periphery tend to
represent transition zones between other homogeneous sectors. More-
over, recent station coverage is sparse. A few very small areas in
southern Africa are also omitted because they represent transition
zones. The names applied to these sectors (Fig. 4) are not strict geo-
graphical designations, but labels attached for the sake of convenience
in discussion. For example, the term Cameroon is applied to a sector
that includes primarily Cameroon but also parts of northern Nigeria.

Rainfall is highly seasonal in each of the sectors, with a unimodal
distribution in extra-tropical and subtropical sectors and a bimodal
distribution in the low latitudes. In the three Mediterranean sectors
rainfall peaks in the boreal winter. In the sector just south of the Sahara
rainfall is similarly unimodal but with a peak in the boreal summer, in
August on average. It is labeled Sahel, but includes Soudanian rainfall
zones as well. In the four equatorial regions rainfall tends to peaks in
the boreal spring and autumn. In most of southern Africa, rainfall peaks
in the austral summer/boreal winter. However, there are exceptions to
this pattern. Stations very close to the Benguela coast tend to experi-
ence a peak in early autumn. The Cape of South Africa is a region of
winter rains and other sectors further east along the coast tend to ex-
perience a bimodal rainfall distribution, similar to what occurs in
equatorial regions. The annual time series for each sector is shown in
Fig. 4.

For each sector the trend in annual rainfall is calculated over the
time period indicated in Table 1. This is the period over which the times
series is continuous. The Mann-Kendall test is applied and the trend
lines are indicated in Fig. 4. The regions showing trends over the
analysis period that are significant include coastal Algeria, Morocco,
the Sahel, Cameroon, and Congo/Gabon. In the first three cases, trends
are negative and significant at better than the 1% level. In the last two,
the trends are significant at the 3% level. Trends are negative in all of
these sectors except Congo/Gabon. However, the trends mask some
major periods of wet or dry conditions. Further description of the in-
terannual variability is presented in the following sections.

3.1.1. North Africa

Fig. 4 shows the annual time series for each sector. In the Medi-
terranean areas of Algeria and Tunisia (sector B) relatively wet condi-
tions prevailed until the 1890s, while the twentieth century has been
relatively dry, particularly from the beginning through the 1940s. A few
very wet years occurred in the 1970s and 1980s, but on the whole
abnormally dry conditions have prevailed since the 1980s. Also ap-
parent is an increase in year-to-year variability since roughly 1960.
Trends in Morocco (sector C) are in a general sense similar: wetter
conditions in the 19th century and extremely dry conditions since the
1980s. However, prior to 1980 few very dry years occurred. Decadal
trends have been quite different in the eastern Mediterranean region
(Libya/Egypt, sector A). Relatively wet conditions prevailed until the
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Table 1

The period over which trends in annual and seasonal rainfall were calculated
for the 13 sectors considered. The unit for the trend is standardized departures
per century. The statistical significance of the trend is also shown for cases with
a significance level of < 5%.

Region Season  Trend First year Last year Signif. level
Coastal Libya/Egypt Year —0.20 1866 2014 -
Coastal Algeria/Tunisia  Year —-0.31 1838 2014 < 1%
Morocco Year —-0.29 1853 2014 < 1%
Sahel Year -0.32 1847 2014 < 1%
Guinea Coast Year —-0.10 1883 2014 -
Cameroon Year —-0.22 1889 2014 3%
Congo/Gabon Year 0.25 1877 2014 3%
South West Africa Year —-0.21 1868 2014 -
Cape Winter Rains Year 0.12 1838 2014 -
Somalia/Ethiopia Year —-0.04 1893 2014 -

East Africa Year 0.01 1874 2014 -
Central Africa Year —-0.09 1892 2014 -
South Central Africa Year —-0.20 1889 2014 -
South Africa (interior) Year —0.03 1851 2014 -
South Africa (northeast) Year —-0.09 1854 2014 -
Guinea Coast MAM —-0.17 1883 2014 -
Guinea Coast ON —-0.13 1883 2014 -
Cameroon MAM —0.35 1889 2014 < 1%
Cameroon ON —0.08 1889 2014 -
Congo Gabon MAM -0.04 1877 2014 -
Congo Gabon ON 0.13 1877 2014 -
Somalia MAM —-0.15 1893 2014 -
Somalia ON 0.11 1893 2014 -

East Africa MAM —-0.11 1874 2014 -

East Africa ON 0.16 1874 2014 -

1920s; from 1926 to 1943 rainfall reached or exceed the long-term
mean in only 3 years. The biggest contrast is evident in recent decades.
The 1980s and 1990s are relatively wet, with conditions similar to
those in the nineteenth century. Dry conditions have since been the
rule.

The increasing aridity and occurrence of very dry conditions since
the 1980s is confirmed by tree-ring studies and gauge data in Morocco
(Esper et al., 2007), Algeria, and Tunisia (Kherchouche et al., 2013;
Touchan et al., 2008; Ghenim and Megnounif, 2013). This has resulted
in a die-back of cedar forests throughout the region. Studies based on
station data further confirm the increasing aridity. In Algeria and Tu-
nisia, the drought of 1999-2002 appears to have been the worst since
the 15th century (Touchan et al., 2008). In much of this region, espe-
cially the northwestern areas, the NAO plays a major role in regulating
internal variability via impacts on storm tracks and other aspects of
regional atmospheric circulation (Knippertz et al., 2003).

3.1.2. West Africa

Rainfall variability in the Sahel (sector D) is relatively homogeneous
over a large area, extending across the continent. While zonal variations
are evident (e.g., Nicholson and Palao, 1993; Nicholson, 2005; Lebel
and Ali, 2009), the time series presented in Fig. 4 is largely re-
presentative of the region as a whole. The most striking aspects of the
time series are the abrupt decline in rainfall in 1968 and the long run of
generally wet years from the 1920s through the 1960s. Wettest condi-
tions occurred in the 1870s and 1880s and in the 1950s and early
1960s. Since that time rainfall has reached or exceeded the mean in
very few years (Fig. 4) and a major change in the rainfall regime ap-
pears to have occurred after 1968 (Losada et al., 2012; Nicholson et al.,
2017).

There are many similarities in the rainfall variability along the
Guinea Coast (Fig. 4, sector E), but year-to-year persistence is much
weaker and the anomalies are generally less extreme than in the Sahel.
Also, rainfall has tended to be near or above average since around 2000
and dry and wet years were roughly equally frequent prior to 1950.
Guinea Coast rainfall is discussed further in Section 3.2.2.
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It is not surprising that decadal rainfall variability in the Sahel and
Guinea Coast have some similarities because these regions are con-
joined via the dominance in both of the West African monsoon. More
surprising are the similar trends evident in Morocco, a region of pre-
dominantly boreal winter rains north of the Sahara. On the whole,
rainfall tended to be fairly reliable since the beginning of the record,
with particularly wet conditions in much of the late 19th century and
again in the 1950s and 1960s. As in the Sahel and Guinea Coast, an
abrupt change to dry conditions subsequently occurred and these have
persisted almost without interruption since that time. However, the
change occurred around 1978, compared to 1968 in the Sahel and
Guinea Coast (Nicholson et al., 2017). Notably, rainfall in all three
regions is strongly influenced by the Atlantic (Knippertz et al., 2003).
This might account for the similarities.

The increase in Sahel rainfall since the 1980s had been documented
by several previous studies. Most concluded that the drought was
nevertheless continuing (e.g., Nicholson et al., 2000; L'Hote et al., 2002;
Lebel and Ali, 2009). Ozer et al. (2003), however, had claimed that the
region had entered into a more humid period, citing frequent flooding.
Others have produced evidence that other causes of the floods, such as
increased runoff coefficients, were at play (L'Hote et al., 2003; Mahé
and Paturel, 2009; Galy-Lacaux et al., 2009).

This recovery was not uniform across the Sahel, but was sub-
stantially greater in the west than in the east (Fig. 5). This suggests a
reduction in the west-to-east rainfall gradient across the Sahel. This and
other aspects of intra-Sahelian rainfall contrasts are discussed in
Nicholson et al. (2017).

Indisputably, rainfall in the Sahel (Fig. 4) has increased since the
1980s. Yet, since the 1980s, rainfall exceeded the long term mean for
the region as a whole in only seven years. The recovery has been mainly
in the August to October period (Sanogo et al., 2015), although re-
covery in August has been relatively weak (Nicholson, 2005) and in
some areas the August peak has disappeared (Lebel and Ali, 2009). The
recovery has also been non-uniform across the region (Nicholson, 2005;
Lebel and Ali, 2009).

There has not been a consensus on the cause of the recovery; pre-
sumably several factors have played a role. Both modeling and ob-
servational studies have suggested that warming in the North Atlantic
was a principal cause of the recovery (Park et al., 2015; Rodriguez-
Fonseca et al., 2015; Hoerling et al., 2006). Hagos and Cook (2008) and
Mohino et al. (2011) implicate the Atlantic Multidecadal Oscillation
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(AMO) specifically, while Diatta and Fink (2014) find a stronger re-
lationship to the tropical Atlantic Meridional SST mode, with its in-
fluence confined mostly to the central Sahel. Lutz et al. (2015) suggest
that cold anomalies, i.e., Atlantic Nifias, play a greater role than warm
anomalies. Park et al. (2016) conclude since the late 1990s the recovery
has likely been dominated by the Mediterranean SST. Although the link
to Sahel rainfall is very strong, the Mediterranean SST anomalies may
be a “fingerprint” of larger-scale forcing (Polo et al., 2008). Tippett and
Giannini (2006) emphasize the relationship to ENSO, which has be-
come stronger in recent decades (Diatta and Fink, 2014).

3.1.3. Western equatorial Africa

To the south of the Sahel and Guinea Coast is the western equatorial
sector (sector F). The Guinea Coast appears to be a transition between
this region and the Sahel and frequently anomalies are of the opposite
sign in the Sahel and western equatorial Africa. Here western equatorial
Africa is represented by two time-series (Fig. 4), one that encompasses
primarily parts of Cameroon (and is so labeled) and a second that en-
compasses primarily Gabon, the Congo, and northwestern Angola. In
both areas the seasonal distribution is bimodal at most stations.

In Cameroon the annual rainfall trends tend to mimic those in the
Sahel and Guinea Coast: good rainfall in the 1950s and early 1960s,
then an abrupt reduction of rainfall in 1968 and a continuation of
dryness to the present, with little recovery. Relatively wet conditions
did occur in 1999, 2002, 2009, 2010, and 2012. Most of those years
were relatively wet in the Sahel and Guinea Coast as well. Overall the
wettest period in the Cameroon region was in the 1920s.

In the Congo/Gabon region, annual anomalies were primarily ne-
gative from the 1860s until around 1920, in contrast to the strong
positive anomalies prevailing then in the Sahel. As in the Sahel, wetter
conditions prevailed between then and the early 1960s. In contrast to
the Sahel, year-to-year variability was quite large and many very dry
years occurred within this time, resulting in an opposition between the
two regions. After circa 1961 year-to-year variability was quite weak
with alternating wet and dry years. However, rainfall has generally
been above or near the long-term mean since about 1980, in contrast to
the severe drought conditions ravishing the Sahel over much of the
same period. However, in both the Sahel and the Congo/Gabon region
rainfall generally increased from around 1980 to present.

A number of other studies have examined long-term trends in
rainfall in western areas of equatorial Africa. There is general

Fig. 5. Rainfall in five longitudinal sectors of the Sahel, be-
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agreement that a drying trend has occurred since the 1970s over much
of the western equatorial region, particularly north of the equator (i.e.,
in the Cameroon region) and that is has not been as strong or as con-
tinuous as that in the Sahel (e.g., Laraque et al., 1997; Mahe et al.,
2001; Conway et al., 2009; Samba and Nganga, 2012). There has also
been a decrease in heavy precipitation (Aguilar et al., 2009).

Unfortunately, a lack of up-to-date gauge data precludes the eva-
luation of Congo basin rainfall in the current study. However, three
studies provide relatively up-to-date information on the Congo Basin.
Zhou et al. (2014) show a downward trend in boreal spring rainfall
since the mid-1980s. This trend appears to have reduced the pro-
ductivity in some parts of the Congo rain forest. However, several years
between 1985 and 2007 were probably wetter than any that occurred
between 1950 and 1984. Asefi-Najafabady and Saatchi (2013) con-
firmed the drying trend in the basin, but also find a trend towards in-
creasing rainfall in the western-most equatorial Africa. They also noted
that rainfall deficits were particularly strong in 2005 to 2007.

A large number of papers have evaluated factors in rainfall varia-
bility in western equatorial Africa. No general consensus has been
reached because the factors are so varied spatially and on different time
scales (e.g., Balas et al., 2007; Laing et al., 2011). There is however
agreement that low-level and mid-tropospheric westerlies tend to be
associated with above-average rainfall (Gu et al., 2009; Sinclaire et al.,
2015; Tazalika and Jury, 2008; Todd and Washington, 2004), especially
in western-most equatorial regions (Dezfuli and Nicholson, 2013;
Nicholson and Dezfuli, 2013). Berhane et al. (2015) found that in the
boreal spring the Madden-Julian Oscillation (MJO) augments pre-
cipitation by 20% to 50% and that the MJO tends to be associated with
low-level westerly anomalies, which advect moisture from the Atlantic.
On interannual time scales, links have been found to the AMO (Diem
et al., 2014), ENSO (Balas et al., 2007; Sandjon et al., 2012), the in-
tensity of equatorial zonal circulations (Dezfuli et al., 2015; Hua et al.,
2016), and to SSTs in various parts of the globe (Balas et al., 2007;
Dezfuli and Nicholson, 2013; Nicholson and Dezfuli, 2013; Hua et al.,
2016).

3.1.4. Eastern equatorial Africa

Eastern equatorial Africa is represented by time series for Somalia/
Ethiopia and for the traditional East Africa sector that includes mainly
Kenya, Uganda, and Tanzania (Fig. 4). In the former region, rainfall is
concentrated in the boreal season while a bimodal equatorial rainfall
regime prevails in the latter region. Despite the contrasting seasonality,
the rainfall time series for the two sectors are similar and interannual
variability is strong in both. No particular trends are apparent in annual
rainfall in the two eastern regions. However, the annual variability
belies some strong trends evident in the seasonal times series discussed
in Section 3.2. A comparison of individual years shows that the
anomalies are frequently of opposite sign in eastern and western
equatorial Africa. This characteristic is examined in further detail in
3.3. An upward trend since the mid-nineteenth century is evident in
western equatorial Africa.

Most of the literature focused on trends in rainfall in eastern Africa
examines the two rainy seasons but not the annual total. The former
will be reviewed in Section 3.2.1.

3.1.5. Southern Africa

Southern Africa is represented by six time-series in Fig. 4 (H, I, L, M,
N, O). The five with maxima in the boreal summer tend to show similar
decadal scale variations: relatively low rainfall early in the 20th cen-
tury, improvement in the 1920s through the 1970s, and a tendency
towards low rainfall since the 1980s. A notable exception is the recent
run of relatively wet years in southwestern Africa since circa 2005. Also
notable is the high frequency of dry years in the 1980s and 1990s and
the predominantly dry conditions in southwestern Africa circa 1900
through 1940. In the winter rains region of South Africa fewer aspects
of the variability stand out. The nineteenth century on the whole was
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relatively dry but a number of very wet years occurred. Within the
twentieth century the driest periods were the 1920s and 1930s and the
1960s and 1970s for this region.

The results shown in Fig. 4 show that no long-term trends in rainfall
have occurred over southern Africa. A similar conclusion was reached
by most studies that have evaluated rainfall variability in individual
countries of southern Africa. Mazvimavi (2010) and Aguilar et al.
(2009), examining annual and seasonal trends, have reached this con-
clusion for Zimbabwe, as did Ngongondo et al. (2011) for Malawi.
Nicholson et al. (2014) found this to be true for the southern half of
Malawi, but documented an abrupt shift to dry years in northern sectors
around 1987. This is generally true for South Africa as well, although
there are local exceptions (Kruger, 2006). For example, in areas around
the Drakensberg, Nel (2009) found a decrease in autumn rainfall and
MacKellar et al. (2014) found a significant increase in rain days in
spring and summer over the period 1960 to 2010. The latter source also
showed a significant decrease in rainfall and in the number of rain days
over the central and northeastern parts of South Africa in the autumn
months.

In some locations significant trends have been identified in rainfall
extremes, i.e., droughts and high intensity rain events. Usman and
Reason (2004) found an increasing frequency of heavy rainfall events in
Angola and Namibia in the west and in Tanzania and Mozambique in
the east between 1979 and 2002. Kruger (2006) found an increase in
extreme wet seasons and extreme dry seasons over parts of South
Africa, as well as an increase in high daily rainfall totals. On the other
hand, Rouault and Richard (2005) documented an increase in the
spatial extent of drought over southern Africa since the 1970s, attri-
buting this to a strengthening of the ENSO-southern African rainfall
relationship. Recent analysis of the 2015/16 El Nifio-induced drought
for this region suggests that an anthropogenic contribution to stronger
El Nifio events may produce stronger El Nifio-related droughts in
Southern Africa (Funk et al., 2016).

Studies have been in agreement in suggesting that the main factors
in rainfall variability over southern Africa, i.e., in regions with mainly
summer rainfall, are ENSO and Indian Ocean SSTs, including the IOZM
(Nicholson and Kim, 1997; Hoerling et al., 2006; Hoell et al., 2015;
Zhang et al., 2015). Although ENSO and Indian Ocean SSTs are inter-
related, the Indian Ocean appears to be more important than ENSO
(e.g., Manatsa and Mukwada, 2012). However, there has been sig-
nificant coupling between rainfall and the IOZM since roughly 1997
(Manatsa et al., 2012). New analysis also suggests that the Southwest
Indian Ocean Dipole can modulate El Nifio impacts in this region (Hoell
et al., 2015). Fewer recent studies have examined interannual varia-
bility in the winter rains region of the Cape. ENSO appears to have a
significant influence on the length and frequency of wet spells since the
1976/77 climate shift in the Pacific (Philippon et al., 2012).

3.2. Seasonal time series for equatorial regions

Fig. 6 presents interannual time series for the two rainy seasons in
each of the equatorial sectors with bimodal seasonality. Although the
character of the seasonal cycle may differ somewhat from region to
region, for comparative purposes all time-series are calculated for
March-April-May and October-November. These are the principal
months of the two East African rainy seasons, with the former season
being termed the “long rains” and the latter being termed the “short
rains” (Liebmann et al., 2012). In western equatorial Africa these tend
to be the peak months of the two seasons as well.

3.2.1. Eastern equatorial Africa

In both sectors of eastern Africa, a shift to markedly wetter condi-
tions in October-November occurred in 1961 and these conditions have
persisted until present (Fig. 6). This has been recognized by Manatsa
and Behera (2013) and by Nicholson (2015) as a time of a major regime
change in eastern Africa. In contrast, a less abrupt trend (Funk et al.,
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Fig. 6. Seasonal time-series (March-to-May and October-November) for the Guinea Coast and East Africa.

2005, 2008, 2015; Williams and Funk, 2011) towards drier conditions
in the long rains has occurred (Fig. 6). Rainfall in western equatorial
Africa shows some similarities on the seasonal time scale. During
March-April-May a dry episode commenced around 1972 and has
persisted almost without interruption to the present time. As in eastern
equatorial Africa, a number of very wet years have occurred during
October-November since around 1994 and a major shift to wetter
conditions occurred in the 1940s following a multi-year drought. The
similarity in recent decades contrasts with the interannual variability,
which often exhibits an out-of-phase relationship between eastern and
western sectors (Nicholson, 2014a).

Rainfall trends in eastern Africa have been evaluated by numerous
studies because of the frequent incidence of extreme drought in recent
years. The decline of the long rains was first shown by scientists
working the Famine Early Warning Systems Network (Funk et al., 2005;
Funk et al., 2008; Funk et al., 2015; Williams and Funk, 2011). Lyon
and DeWitt (2012) elaborated on these trends, emphasizing recent
drying and the important of Pacific SSTs. Liebmann et al. (2014) further
documented the decline and showed a simultaneous but weaker in-
crease in the short rains. The decline in the long rains has affected both
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the equatorial and summer rainfall regions (Mengistu et al., 2014;
Rosell, 2011). In contrast, increased summer rainfall has occurred over
much of summer rainfall region (Rosell, 2011; Williams et al., 2012;
Funk et al., 2012; Viste et al., 2013). However, internal variability is
strong and the increasing trends in the summer and short rains have
been overshadowed by the more frequent and more severe droughts
that have occurred in recent years (Funk, 2012; Viste et al., 2013; Hoell
and Funk, 2014; Nicholson, 2016). In some cases, these have extended
over two or more rainy seasons.

The causes of the decline of the long rains remains controversial, but
it appears that changes in the Indo-Pacific played a major role (Funk
et al., 2014). Funk et al. (2008) linked the decline of the long rains to
warming in the South-Central Indian Ocean and a westward extension
of the warm pool in the Indian Ocean. Williams and Funk (2011) re-
lated the decline to an increase the first principal component of Indo-
Pacific vertical velocity, precipitation and 2 m temperatures, and ar-
gued that warming in the Indian Ocean and Western Pacific (55° E-120°
E) supported an overturning circulation between the Warm Pool and
East Africa that disrupted moisture transports and increased subsidence
over Eastern Africa. Lyon and DeWitt (2012), Lyon et al. (2014) and
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Lyon (2014) implicated tropical Pacific warming as a cause of the de-
cline, especially post-1999. Lott et al. (2013), Funk and Hoell (2015)
and Rowell et al. (2015) suggested that an anthropogenic component
could also be playing a role via greenhouse and aerosol forcing of SSTs,
a suggestion disputed by Lyon (2014). Liebmann et al. (2014) added an
additional factor to the suggested causes of the long rains decline, an
enhanced east-west SST gradient in the western Pacific. This was pri-
marily a result of warming in the western Pacific, especially near In-
donesia. This would have enhanced the Walker-like circulation over the
Indian Ocean, increasing subsidence over eastern Africa. Statistical
analysis of the first and second principal components (PCs) of East
African rainfall (Funk et al., 2014) suggest that the 1st and 2nd PCs
relate, respectively, to the West Pacific/East Pacific gradient (PC1) and
Indian Ocean (PC2), with warming in the West Pacific and Indian
Ocean both related to East African drying.

Variability during the short rains is much better understood. The
Indian Ocean Walker cell appears to have played a role as well in the
increasing trend. A steady intensification of the October—-November cell
occurred between 1948 and 2012 (Nicholson, 2015). While this implies
increased subsidence over eastern Africa and would thus presumably be
conducive to drought, the ascending branch of the Atlantic Walker cell
over eastern Africa also increased. The juxtaposition of the two cells
over eastern Africa suggests that slight changes in the influence of the
Indian versus Atlantic Oceans might account for the abrupt shifts be-
tween drought and flood during the short rains in recent years
(Liebmann et al., 2014; Nicholson, 2014b, 2015, 2016).

3.2.2. Western equatorial Africa

Western equatorial Africa is represented by the sectors labeled
Cameroon and Congo/Gabon. The Cameroon region is somewhat of a
transition zone, in that most of the sector also experiences a significant
amount of summer rainfall. In both Cameroon and Congo/Gabon a
decline of the March-April-May rains, as seen is eastern regions, is
apparent. The increase in October—-November rainfall experienced over
eastern equatorial Africa is strongly apparent in Congo/Gabon as well.
In Cameroon, an upward trend over the last few decades is apparent,
but overall October-November rainfall was very weak from the 1980s
onward, with the exception of primarily the last few years.

The literature contains much material on interannual variability in
parts of western equatorial Africa, but the regions examined are very
diverse and don't coincide with the regions represented by the time
series in Fig. 6. These studies have limited applicability to the sectors
examined here because the factors in variability over western equa-
torial regions are so complex that they depend on the season and spe-
cific area considered (Farnsworth et al., 2011), as well as on the
timescale considered (Balas et al., 2007). Most studies examine the
Congo Basin (e.g., Hua et al., 2016; Cook and Vizy 2016; Jury et al.,
2009), only a small portion of which is represented in Fig. 6. However,
there are a few studies that have direct implications for interannual
variability in the sectors labeled Cameroon and Congo/Gabon.

One factor in both regions and seasons is SST along the eastern
Atlantic coast (Nicholson and Entekhabi, 1987; Balas et al., 2007; Hirst
and Hastenrath, 1983). In that sector SSTs vary greatly from year to
year and upwelling frequently occurs. Warm conditions in the Atlantic
and Pacific tend to reduce rainfall. The Pacific influence appears to be
greatest in MAM, with the Atlantic playing a greater role in the ON
season. Todd and Washington (2004) found Atlantic influence (speci-
fically NAO) in the MAM season as well. The location and intensity of
the tropospheric jets and the intensity of the zonal circulation cell are
also important (Farnsworth et al., 2011; Dezfuli and Nicholson, 2013;
Nicholson and Dezfuli, 2013; Hua et al., 2016).

3.2.3. Guinea Coast

Along the Guinea Coast (Fig. 6) the March-April-May season has
been relatively dry since the 1970s, echoing the trend seen in other
equatorial regions during this season. Wettest conditions occurred from
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the 1920s until the early 1970s, with some very dry seasons occurring
during this interval. Western equatorial Africa and eastern equatorial
Africa were also relatively wet at this same time, but dry years were
nevertheless common. The rainfall fluctuations along the Guinea Coast
during October-November are similar to those during March-A-
pril-May. In both there has been an upward trend since the early 1980s.
However, rainfall remained generally below the long-term mean during
March-April-May, but as of the mid-1990s most October-November
seasons have been relatively wet.

As indicated earlier March-to-May is considered for this sector in
order to examine this season across equatorial Africa. It should be noted
that peak rainfall along the Guinea Coast occurs May and June, the first
rainy season (Fink et al., 2017). Several studies have examined rainfall
on a seasonal scale in Ghana, in the heart of the Guinea Coast region.
The short dry season (boreal summer) has become wetter since 1980
and the second rainy season has become drier and shorter (Owusu and
Waylen, 2013a, b). Since 1960 the start of the wet season has occurred
progressively later and the length of the dry spells during the rainy
season has increased (Lacombe et al., 2012).

The causes of interannual variability here are less complex than in
the Sahel. SSTs in the equatorial Atlantic drive interannual variability
during most of the year (Diatta and Fink, 2014; Tippett and Giannini,
2006; Lutz et al., 2015; Nnamchi et al., 2013; Vizy and Cook, 2001;
Wagner and DaSilva, 1994; Paeth and Friederichs, 2004). The corre-
lation with SSTs in the Gulf of Guinea reaches 0.75 for July—August
over the 60-year period 1926 to 1985 (Opoku-Ankomah and Cordery,
1994). While this is the driest portion of the year along the Guinea
Coast, most of the interannual rainfall variability is associated with
conditions during this season (Nicholson and Palao, 1993). In some
years, a tremendous peak in rainfall occurs here during the boreal
summer (Nicholson, 2011).

3.3. Teleconnections

Several major changes in rainfall conditions in recent years have
been noted in the last section. Although an analysis of the causes of
these changes is beyond the scope of this article, a simple analysis of
teleconnections sheds some light on the potential driving factors. There
are several pairs of sectors for which one of the most common tele-
connections is an out-of-phase relationship. Here we will use the term
“dipole” for the sake of convenience, although physical links as re-
quired for a true dipole have not been confirmed. The out-of-phase
relationships are highlighted in Nicholson (2014a). The “dipole” pairs
considered are the Sahel and Guinea Coast, western (i.e., Congo/
Gabon) and eastern equatorial Africa north, southern Africa and eastern
equatorial Africa north, and south-central and southwest Africa (see
Fig. 4 for location).

Fig. 7 illustrates the teleconnections by plotting only the years with
anomalies of the opposite sign. In this simple way, the frequency and
intensity of the “dipole” are apparent. Calculations were done for both
annual and seasonal time series. Except for the Guinea Coast/Sahel
pairing, only MAM is presented here because the changes were most
noticeable in that season. An analysis of the time series is summarized
in Table 2, which calculates the number of years with a dipole before
and after 1982.

In all four cases examined, the frequency of the “dipole” has de-
creased in recent decades, starting in the early 1980s in all areas except
the Sahel/Guinea Coast, where the shift started around 1970. In each
case, the examination of the seasonal time series indicated that the
change was most apparent during March-April-May. This suggests two
potential factors. ENSO tends to have its maximum impact on African
rainfall during the March-April-May period (Nicholson and Kim,
1997), a fact that points towards changes in ENSO as one factor.
Moreover, the East Africa/Southern Africa dipole is strongly linked to
ENSO. The reduced frequency of the dipole across the equator suggests
changes a second factor, the equatorial zonal circulation. This factor is
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Fig. 7. The occurrence of “dipole” years at select pairs of rainfall sectors. Only those years are indicated at which rainfall anomalies have the opposite sign in the two
paired sectors. The value of the anomaly for the year in both sectors is plotted, with shaded bars representing the first station indicated. Except for the annual analysis
in the top diagram, all series are for March-to-May. A vertical line shows the year 1968.

also suggested by the reduction of dipole years between southwestern
Africa and southeastern Africa.

In view of the apparent change in teleconnections around 1980,
decadal anomalies in the March-April-May period are also presented

Table 2

(Fig. 8). The calculation is confined to the period 1980 to 1998 because
a significant change in the station network occurred in 1998. However,
the stations available (as seen in Fig. 9) show that the general pattern
continued into the 21st century. During the period 1980-1998, deficits

The occurrence of “dipole” years in four pairs of sectors. Values indicate the number of dipole years before 1968 and from 1968 onward, with both a number of years

and a percent of years indicated.

Sectors compared Period Years before 1968 1968 and later

Guinea Coast/Sahel Year 35 of 84 years 42% 13 of 48 years 27%
Guinea Coast/Sahel MAM 31 of 84 years 37% 8 of 48 years 17%
East Africa north/Congo-Gabon MAM 47 of 86 years 55% 17 of 47 years 36%
South Central/East Africa north MAM 44 of 78 years 56% 19 of 48 years 40%
South Central/Southwest MAM 34 of 79 years 43% 16 of 48 years 33%
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Fig. 8. Mean rainfall for the period 1980-1998 during the March-to-May and October-November seasons, expressed as a standardized departure from the long-term
mean at each station. Data represent averages of all stations within a one-degree grid cell.

were negative, and generally at least 20% of the 1931-70 mean, over
most of the continent. A similar analysis for October-November (Fig. 8)
shows a very different pattern. Although extremely negative deficits
prevailed throughout most of the Sahel/Soudan and western equatorial
Africa, positive departures prevailed in eastern equatorial Africa and
much of southern Africa. Overall this suggests a major change in the
seasonal cycle over Africa. Over West Africa this might imply a weaker
monsoon and/or a briefer season in Sahelian latitudes. In the equatorial
latitudes, it suggests a reduction in the zonal rainfall gradient in Oc-
tober, when eastern areas are generally drier than western areas. This
also suggests an increased importance of the short rains over East
Africa.

3.4. Decadal variability

The previous analyses provide strong evidence that a regime shift
may have occurred not only in the Sahel, but perhaps throughout a
large part of the African continent in the 1980s. Decadal variability is
illustrated by plotting annual anomalies for each successive ten-year
period starting in 1930. Although the use of decadal partitioning is
arbitrary, many major changes occurred towards the beginning of a
calendar decade. Eight decades are shown in Fig. 9. In contrast to
earlier analyses, these are based on individual stations and are pre-
sented as a percent departure from the mean. Here a standard mean for
1931-70 is utilized and the plotted values represent an arithmetic
average of all stations within one-degree by one-degree grid points.
When no station is available, no value is plotted. For most decades, the
continent is well represented except in the desert regions. However,
commencing in the 1990s, data become scarce for Angola and the De-
mocratic Republic of the Congo (formerly Zaire), countries in which
political instability led to a serious decline in the meteorological ser-
vices provided. For the 2000-2009 decade, gaps are instead related to
the lack of updating for many countries, especially central and southern
Africa.

During the 1930s rainfall anomalies were not spatially coherent
over large areas of the continent (Fig. 9). This is especially in the case in
Sahelian Africa, where the anomalies appear almost randomly dis-
tributed. However, there is a tendency for positive anomalies to prevail
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from roughly 20° N to 10° S. An extensive but narrow area of negative
anomalies is evident close to the equator. In general, the anomalies are
relatively small. Exceptions are large negative anomalies in the western
and central Sahara and the desert's northern margin, as well as in a
large, coherent sector of southern Africa. The arid conditions expanded
in the 1940s, with negative anomalies strongly dominant throughout
the continent, with the exception of miscellaneous sectors of equatorial
Africa. The magnitude of the aridity also increased, compared to the
1930s.

A striking change occurred in the 1950s, with very wet conditions
being prevalent throughout both the Sahel and southern Africa (Fig. 9).
Decadal averages were above the 1931-70 mean over most of the
continent, but they were below the mean in much of the equatorial
region (10° N to 15° S). Positive anomalies were particularly strong in
subtropical latitudes of southern Africa and in nearly all of northern
Africa except in narrow coastal sectors. The anomalies were particularly
strong in the Sahel, where in many locations the decadal average ex-
ceeded the mean by 10% to 20% or more. The strongest negative
anomalies were in eastern equatorial regions and in locations relatively
near the coast of the equatorial Atlantic. A near reversal of the 1950s
anomaly pattern is apparent in the 1960s. Positive anomalies, often
over 20% of the mean, prevailed throughout most of the equatorial
region from 15° N to 15° S. Negative anomalies equally large in
northern Africa, prevailed in the subtopics.

A very different pattern emerges in the 1970s (Fig. 9). It is largely
represented by a contrast between the hemispheres, with very large
negative departures in the Sahel and very large positive departures in
southern Africa. In the equatorial region, however, relatively wet con-
ditions prevailed in eastern areas and relatively dry conditions pre-
vailed in the west. Rainfall was above average over most of the Medi-
terranean region.

The 1980s commenced a multi-decadal period in which the pre-
vailing anomalies in Africa were negative, with extreme droughts oc-
curring in the 1980s in the Sahel, North Africa, much of the equatorial
region, and much of southern Africa. Scattered positive anomalies were
confined mainly to equatorial and subtropical regions of eastern Africa
(e.g., circa 10° N to 20° S) and far southern latitudes of South Africa.
The data set is somewhat sparser for the 1990s, especially for Angola
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and the Congo Basin. However, it is evident that a pattern similar to
that of the 1980s prevailed, although with less extreme dry conditions
in Northern-Hemisphere regions. The few locations for which data are
available for the 2000s suggest a persistence of relatively dry conditions
over most of Africa.

Fig. 10 integrates the results of this analysis into a graph of the
percent of grid points covered by negative anomalies. This allows for a
comparison between decades with varying station coverage. On
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average, in a given year negative (positive) anomalies cover roughly
60%/40% of the grid points. This skewed distribution is typical of arid
and semi-arid regions, such as those prevailing over Africa. While the
relatively arid conditions of the 1940s are apparent, they are dwarfed
by the anomalies of the 1980s and early 1990s, when in most years 70%
to over 80% of the grid points were marked by negative rainfall
anomalies. Annual anomalies exceeded 20% to 30% in over 50% of the
continent. Overall, the period 1968 to 2005 stands out for its dryness.
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However, the aridity appears to have peaked in the early 1990s and
conditions have improved over the continent as a whole. Yet there has
been no recovery to the prevailing conditions prior to 1968.

4. Summary and conclusions

This article provides a description of rainfall variability throughout
Africa on a regional basis for time spans ranging from one to nearly two
centuries. Decadal variability is clearly apparent, with significant
downward trends in annual rainfall occurring in West and North Africa
(Table 1). In those regions, an abrupt reduction in rainfall occurred
around 1968. However, a change for the continent as a whole is ap-
parent as well, with rainfall being predominantly below or very near
the mean in all grids points in nearly every year. For the continent as a
whole, another change appeared with the 1980s decade, with more arid
conditions persisting at the continental scale until early in the twenty-
first century. During the roughly one-and one-half centuries evaluated,
there is no analog for the aridity of the period 1980 to 1998. The last
occurrence of such ubiquitous conditions of reduced rainfall occurred in
the 1820s and 1830s (Nicholson, 2014a). It is also noteworthy that the
pan-African decline in rainfall occurred shortly after the well-known
1976/77 shift in the equatorial Pacific (Graham, 1994).

The most striking result of this study is a change at the seasonal
scale that appears to have affected most of the continent. A downward
trend in MAM rainfall in eastern equatorial Africa has long been of
concern (e.g., Funk et al., 2014; Zhou et al., 2014). The current results
show that this trend impacted nearly all of the African continent
(Fig. 8). A similar decline occurred during October-November over
most of northern-hemisphere Africa and the western equatorial regions,
while rainfall during this season increased in eastern sectors of equa-
torial and southern Africa. The decline in both seasons over West
Africa, in addition to the well-known decline during the boreal summer
rainy season (e.g., Lebel and Ali, 2009), documents a general weak-
ening of the West African monsoon. Notably, the trends are generally
not significant when calculated over the entire period of record. How-
ever, that does not diminish the impact of the late 20th century
anomalies on populations adjusted to a higher mean.

The shift to more arid conditions circa 1968 does not bode well for
the food and economic security of the one billion people for whom
Africa is home. This shift has been especially problematic because most
African countries became independent in 1960 and the agriculture,
economy, and infra-structure left behind was based on the wetter
conditions that had earlier prevailed. The seasonality changes occurring
in the 1980s likely compounded an already tenuous food security si-
tuation. In many regions of Africa, the population is growing rapidly,
croplands are expanding into more marginal growing regions, and yield
growth is slow or stagnant (Funk and Brown, 2009). Some rainfall re-
covery appears to have occurred in the last decade or so, but
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confirmation of the increase over the continent as a whole will require
the acquisition of additional data.
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