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Abstract

Between 1950 and 2012, summer (rainy season) rainfall in the Sahel changed from
a multi-decadal decreasing trend to an increasing trend (positive trend shift) in the
mid-1980s. We found that this trend shift was synchronous with similar trend shifts in
global oceanic evaporation and in land precipitation in all continents except the Amer-5

icas. The trend shift in oceanic evaporation occurred mainly in the Southern Hemi-
sphere (SH) and the subtropical oceans of the Northern Hemisphere (NH). Because
increased oceanic evaporation strengthens the atmospheric moisture transport toward
land areas, the synchrony of oceanic evaporation and land precipitation is reasonable.
Surface scalar winds over the SH oceans also displayed a positive trend shift. Sea10

surface temperature (SST) displayed a trend shift in the mid-1980s that was negative
(increasing, then decreasing) in the SH and positive in the NH. Although SST had op-
posite trend shifts in both hemispheres, the trend shift in evaporation was positive in
both hemispheres. We infer that because strong winds promote evaporative cooling,
the trend shift in SH winds strengthened the trend shifts of both SST and evaporation15

in the SH. Because high SST promotes evaporation, the trend shift in NH SST strength-
ened the NH trend shift in evaporation. Thus differing oceanic roles in the SH and NH
generated the positive trend shift in evaporation; however, the details of moisture trans-
port toward the Sahel are still unclear.

1 Introduction20

The Sahel region, the area of western Africa between 10 and 20◦ N, commonly suf-
fers from severe drought and is synonymous with unstable climate (Dai, 2011). Many
studies have shown that rainfall varies greatly in the Sahel. Folland et al. (1986) estab-
lished a relationship between Sahel rainfall and hemispheric disparity in sea surface
temperature (SST) on multi-decadal time scales, such that when SST is higher (lower)25

than normal in the Southern Hemisphere (SH) and lower (higher) than normal in the
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Northern Hemisphere (NH), the Sahel is drier (wetter) than normal. Several studies
have shown that the Indian Ocean, the North and South Atlantic, the SH oceans and
the Mediterranean Sea have, alone or together, some kind of remote influence on the
distribution of Sahel rainfall (Palmer, 1986; Giannini et al., 2003; Wolter, 1989; Janicot
et al., 1996; Rowell, 2003; Hagos and Cook, 2008; Diatta and Fink, 2014). Munemoto5

and Tachibana (2012), using updated datasets, confirmed the relationship of Folland et
al. (1986) and also showed that correspond to the more recent pattern of Sahel rainfall,
which shifted from a decreasing trend to an increasing trend in the mid-1980s.

Although long-term climate trends are generally related to the state of the ocean,
the exact linkage between the multi-decadal variation of Sahel rainfall and the global10

ocean is unclear. Understanding the source of Sahel rainfall should help in explaining
its variation. The global hydrological cycle comprises evaporation from the ocean sur-
face and transport of water vapour over the continents. It is reasonable that moisture
transport from different parts of the world ocean may have some effects, either singly or
in combination, on precipitation over Africa and the Sahel in particular. In this study, we15

analysed datasets of global-scale evaporation for the second half of the 20th century in
an effort to demonstrate the relationship of the shift in Sahel rainfall to shifts in oceanic
evaporation. We also sought insight into the causes of long-term variations in global
oceanic evaporation.

2 Data and methods20

For precipitation on land, we used monthly data from 1949 to 2014 in the National
Oceanic and Atmospheric Administration (NOAA) Precipitation Reconstruction over
Land (PREC/L) database (Chen et al., 2002) with a spatial resolution of 1.0◦ in
latitude and longitude. For SST, we used monthly data from 1953 to 2012 in the
NOAA Extended Reconstructed SST Version 3 (NOAA ERSST V3) dataset, which is25

constructed from SST data in the International Comprehensive Ocean-Atmosphere
Data Set (ICOADS) (Smith et al., 2007; Xue et al., 2003). Monthly 10 m scalar wind
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speed data from 1950 to 2011 came from Wave and Anemometer-based Sea Surface
Wind (WASWind) version 1.0.1 (Tokinaga and Xie, 2011), derived from ship observa-
tions in ICOADS and presented at a resolution of 4◦ ×4◦. Specific humidity data at 2-
degree resolution was from ICOADS. Both wind speed and specific humidity databases
have missing values in areas outside shipping routes, especially in high latitudes. We5

used latent heat flux (LHF) data for 1950–2012 from the National Centers for Envi-
ronmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Re-
analysis (Kalnay et al., 1996) as a robust proxy for evaporation from the ocean. We
also used data from the Japanese Re-Analysis 55 Years (JRA-55) (Kobayashi et al.,
2015) and the European Centre for Medium-Range Weather Forecasts (ECMWF) 40-10

year Reanalysis (ERA-40) (Uppala et al., 2005) for comparison with the LHF data from
NCEP/NCAR to address possible reliability problems in moisture data from the pre-
satellite era. Although there are some differences among these three databases, the
differences do not significantly influence our conclusions. Our analysis used mainly
July-August-September (JAS) averages, corresponding to the rainy season in the Sa-15

hel region.
Figure 1 shows the long-term (1950–2012) value of JAS average precipitation in

northern Africa. Our study area, defined as the region bounded by 10 and 20◦ N and
8◦ W and 30◦ E, was chosen to avoid coastal influences on seasonal rainfall in the
Sahel. Figure 2 shows the variation of JAS average rainfall in the study area from 195020

through 2012. Sahel rainfall followed a decreasing trend from the early 1960s to the
mid-1980s, followed by an increasing trend for the rest of the study period. The driest
year of the study period was 1984 (Munemoto and Tachibana, 2012). The mid-1980s
mark a clear reversal in these multi-decadal trends. The signature of this trend shift is
not sensitive to the definition of the study area (results not shown).25

In assessing the degree to which trends in other climatic parameters are synchro-
nized with the Sahel trend shift, we divided the time series of all datasets into the sub-
periods 1950–1984 and 1985–2012. We defined the trend in each subperiod as the
angle of inclination, tan θ, of the time series, as calculated from the linear regression
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coefficient using the least squares method. We defined the strength of the trend shift,
δ tan θ, as tan θ2 − tan θ1, where the subscripts 1 and 2 denote the subperiods before
and after 1984, respectively. To confirm that the trends of the two subperiods differed
in sign, we added the condition tan θ1 · tan θ2 <0. We named decreasing to increasing
(increasing to decreasing) trend shift as positive (negative) trend shift, i.e. δ tan θ >05

(δ tan θ <0) and tan θ1 · tan θ2 <0.

3 Results

3.1 Trend shifts of Sahel precipitation and ocean evaporation

The time series of global JAS mean LHF displays a decreasing trend before the mid-
1980s, followed by an increase (Fig. 2). Although this increase ceased after the mid-10

1990s, the turning point of the trend shift coincided with that of Sahel rainfall. Global
annual mean LHF also had similar trend shift to those of the JAS mean (figure not
shown). This synchrony suggests that at the multi-decadal time scale, the variability of
Sahel rainfall may be physically linked to transport of the moisture evaporated from the
oceans. We also investigated global mean sensible heat flux but found no significant15

trends during the study period.
The trend shift of LHF in the world ocean may be related to precipitation in and

outside the Sahel. The results of our investigation of this possibility are shown for both
JAS and annual precipitation in Fig. 3. The trend shift over the Sahel is stronger for
annual precipitation than for JAS precipitation. The areas where the positive trend shift20

(from decreasing to increasing) in JAS precipitation is large are the Sahel, western
coastal areas of South Asia, and equatorial South America (Fig. 3a).

For annual precipitation, areas of positive trend shift exceed areas of negative trend
shift (Fig. 3b). Positive trend shifts are particularly strong in the Sahel, western coastal
areas of South Asia, and southern Chile, and less strong in Korea, Japan, the Philip-25

pines, Alaska, and northern Eurasia. Negative trend shifts are seen in South America,
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most of the Southern Hemisphere, most of North America, and inland Eurasia. Areas
of negative trend shift are weaker and narrower than areas of positive trend shift. These
results indicate that a positive trend shift in precipitation occurred not only in the Sahel
but elsewhere on the globe.

3.2 Global SST trend shift5

Sahel rainfall is known to be related to nearby SST (Lough, 1986; Bader and Latif,
2003; Chung and Ramanathan, 2006) and remote SST (Folland et al., 1986; Janicot
et al., 1996; Rowell, 2003; Fontaine et al., 2011; Munemoto and Tachibana, 2012;
Diatta and Fink, 2014). Figure 4 shows that areas of positive trend shift in JAS SST
over the oceans are widespread in the NH, meaning that SST decreased until 198410

and then increased. Areas of negative trend shift are mostly in the SH, particularly the
eastern tropical Pacific and the South Atlantic Ocean. The obvious contrast between
hemispheres suggests that the change in JAS Sahel rainfall is somehow related to the
hemispheric contrast in SST. These results are consistent with the findings of Folland
et al. (1986) and Munemoto and Tachibana (2012).15

3.3 Trend shift of global ocean evaporation

Figure 5 shows the geographic distribution of the trend shift in mean JAS ocean evap-
oration, as signified by LHF. The areas of negative shift are much narrower than those
of positive shift. A positive trend shift occupies the whole latitude range from 60◦ S
to 40◦ N, except in the western South Pacific, northern and western Indian Ocean,20

and the Caribbean Sea. Areas where the trends changed sign between subperiods
(tan θ1 · tan θ2 <0) cover most of the oceans, suggesting that the trend shift was gen-
uine and worldwide.
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3.4 Trend shifts of wind, humidity

Latent heat flux is determined by surface wind speed and the humidity deficit over
the ocean. Figure 6 shows the trend shift of JAS surface scalar wind speeds over the
ocean. This shift is positive over most of the SH, particularly in the eastern Pacific
Ocean. Many of these positive areas match areas of positive trend shift in LHF (Fig. 5).5

In the NH, the trend shift is positive over the subtropical central and eastern Pacific.
Over the western subtropical North Atlantic ocean, the trend shift in the scalar wind is
not in agreement with the trend shift in LHF. However, the overall similarity of Figs. 5
and 6 signifies that trend shifts in wind speed over the ocean partially account for the
trend shift in LHF.10

The trend shift in the JAS deficit of surface specific humidity, as determined from its
saturated value at the local SST, is shown in Fig. 7. The geographic distribution of this
positive trend shift is essentially global, similar to those of SST (Fig. 4) and LHF (Fig. 5)
in the NH and the southern Pacific Ocean. The positive trend shift of global evaporation
from the ocean is therefore also partially explained by this trend shift.15

4 Discussion and conclusion

Our study demonstrates that the shift in the trend of JAS Sahel rainfall from decrease
to increase (positive trend shift) that occurred in the mid-1980s coincided with shifts in
global-scale SST and evaporation from the oceans (Table 1). The Sahel constitutes the
world’s largest area in which this trend shift occurred. We found that the Sahel trend20

shift was synchronous with similar positive trend shifts in global oceanic evaporation
(Fig. 2) and in land precipitation outside the Sahel, except in the Americas (Fig. 3). In
detail, the trend shift in oceanic evaporation (as indicated by LHF) encompassed the
SH and the subtropical NH, including the Pacific, Atlantic, and Indian Oceans (Fig. 5).
Because increased oceanic evaporation strengthens global moisture transport toward25

the land, the synchronization of these trend shifts is physically plausible, and indeed
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the area of increased LHF exceeded the area of decreased LHF. Trend shifts also
occurred in the mid-1980s in SST: the shift was negative (increase to decrease) in the
SH and positive in the NH, giving rise to an interhemispheric contrast in SST (Fig. 4).
The surface scalar wind over the ocean had a positive trend shift, mainly in the SH,
that extended to the subtropical Pacific Ocean in the NH (Fig. 6). The humidity deficit5

displayed a positive trend shift in both hemispheres, particularly in the Pacific Ocean
(Fig. 7).

From these results, we can suggest possible processes that connect the trend shifts
of the global oceans and Sahel rainfall (Fig. 8). The main reason for the positive trend
shift in LHF is the positive trend shift in scalar wind, particularly in the SH, because10

surface wind promotes evaporation from the ocean. In general, high LHF lowers the
SST due to evaporative cooling. Therefore, the negative trend shift in SST in the SH
may be an effect of the positive trend shift in the scalar wind.

In the NH at latitudes lower than 40◦ N, the LHF trend shift tended to be positive, in
synchrony with the positive SST trend shift. Because high SST in low latitudes generally15

promotes evaporation, the positive trend shift in LHF may be a consequence of the
positive trend shift in SST. The positive trend shift in the humidity deficit in the NH also
supports this inference. Thus, the positive SST trend shift in the NH may be linked to
the positive LHF trend shift. Although the trend shift in SST is positive in the NH and
negative in the SH, hemispheric differences in the role of SST may result in a global20

positive trend shift in LHF.
Our study offers an explanation for these global-scale trend shifts; however, the

reason for the outsized signature of Sahel rainfall is still problematic. Many previous
studies have argued for the influence of SST in different remote sites (Folland et al.,
1986; Czaja and Frankignoul, 2002; Dijkstra, 2006; Ting et al., 2009), including the At-25

lantic Ocean (Hu and Huang, 2006; Marullo et al., 2011; Martin et al., 2014), Pacific
Ocean (Rowntree, 1972; Pan and Oort, 1983; Cayan and Peterson, 1989; Wallace et
al., 1989), and Indian Ocean (Clemens et al., 1991; Ashok et al., 2001, 2003; Anna-
malai et al., 2005). Probably there is no single determining influence. To identify how
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evaporation in these remote oceans drives Sahel rainfall, idealized atmospheric gen-
eral circulation model studies will need to incorporate the anomalous SST patterns
shown in this study. The processes underlying the trend shift of the ocean surface wind
also must be identified. Also of interest is how the trend shift in oceanic evaporation
might affect the global salinity distribution, and in turn the global thermohaline circula-5

tion.
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Table 1. Summary of Results for JAS Meteorological Parameters. “Positive” indicates that a
shift from decrease to increase occurred during 1950 to 2012; “negative” indicates a shift from
increase to decrease.

Sahel rain SST LHF Wind Humidity deficit

Northern Positive Positive Positive Positive Positive
Hemisphere (tropical Pacific)

Southern Negative Positive Positive Positive
Hemisphere (Pacific)
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Figure 1. Long-term (1950–2012) mean summer (JAS) rainfall in northern Africa. The study
area defined as the Sahel region is outlined in black. The unit is mm.
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Figure 2. Time series of JAS Sahel rainfall (mm) and mean LHF (W m−2) from oceans from
1950 to 2012.
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Figure 3. Global maps of the trend shift for (a) JAS precipitation (mm 10 years−1) and (b) annual
precipitation. Shading denotes δ tan θ. Hatching represents areas where trends changed sign
between the two parts of the study period (tan θ1 · tan θ2 <0).
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Figure 4. Left panel: trend shifts in SST (K 10 years−1) and right panel: latitude profile of its
zonal mean. Land areas display trend shifts in JAS precipitation from Fig. 3a.
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Figure 5. Left panel: trend shifts in latent heat flux (W m−2 10 years−1) and right panel: latitude
profile of its zonal mean. Land areas display trend shifts in JAS precipitation from Fig. 3a.
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Figure 6. Left panel: trend shifts in scalar wind speed over the ocean (m s−1 10 years−1) and
right panel: latitude profile of its zonal mean. Land areas display trend shifts in JAS precipitation
from Fig. 3a.
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Figure 7. Left panel: trend shifts in the humidity deficit (g kg−1 10 years−1) over the ocean and
right panel: latitude profile of its zonal mean. Land areas display trend shifts in JAS precipitation
from Fig. 3a.
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Figure 8. Schematic diagram of possible processes linking Sahel precipitation and the global
ocean. The arrows represent increases or decreases in a parameter during 1950–1984 and
1985–2012.
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