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Sahelian summer rainfall, controlled by the West African Monsoon (WAM), exhibited large
amplitude multi-decadal variability during the twentieth century. Particularly important wasthe
sever e drought of the 1970s and 1980s, which had widespread impacts™®. Resear ch into the causes
of thisdrought hasidentified anthropogenic aerosol forcing®*® and changesin sea surface

temperatures (SSTs) 26912

asthemost important drivers. Sincethe 1980s, ther e has been some
recovery of Sahel rainfall> 4 although not to the pre-drought levels of the 1940s and 1950s. Here
wereport on experiments with the atmospheric component of a state-of-the-art climate mode to
identify the causes of thisrecovery. Our resultssuggest that the direct influence of higher levels of
greenhouse gasesin the atmospher e was the main cause, with an additional role for changesin
anthropogenic aerosol precursor emissions. We find that recent changesin SSTs, although
substantial, did not have a significant impact on therecovery. The simulated response to
anthropogenic forcing is consistent with a multivariate fingerprint of the observed recovery, raising

confidencein our findings. Whilst robust predictionsare not yet possible, our results suggest that

the recent recovery in Sahel rainfall ismost likely to be sustained or amplified in the near term.

The Sahel drought of the 1970s and 1980s had devastating impacts on local populations and has
been widely studied as one of the most important examples in instrumental records of changesin the
hydrological climate of any regionl'e. Between the 1950s and 1980s Sahelian summer rainfall declined by
around 40%, associated with a spatially coherent pattern of rainfall change across most of North Africa’™.
Early studies on the causes of the drought focused on the role of the land surface®™ and changesin sea

12691012 gnd Indian Ocean'*? basins. The relevant changesin

surface temperatures (SST) in the Atlantic
SST may have arisen from natural internal variability or in response to changing forcings. More recent
studies have explored the role of changing anthropogenic forcings, with several studies concluding that
increases in anthropogenic aerosol precursor emissions from North Americaand Europe were a
particularly important factor®* 2, One likely consequence of these aerosol precursor emissions was to cool

SST in the North Atlantic Ocean relative to the South Atlantic, making alink with the previous research

on the influence of SST changes.



Since the 1980s, the amounts of Sahel summer (July-August-September) rainfall have increased®
71214 (Figs 1ab,& c and Supplementary Fig S1). The increase between the recent period 1996-2010/11
and the drought period 1964-1993 was 0.26 - 0.31 mm day™* (estimated from three data sets),
corresponding to around one third of the decrease that occurred between the 1950s and the drought
period. The largest increases have occurred in August, which is climatologically the wettest month (Fig

1b). In view of the devastating impacts of the drought, understanding the reasons for this recent recovery,

and whether it islikely to be sustained, is akey challenge.

The recovery in Sahel rainfall is associated with coherent changes in the regional climate: a
warming of the African continent (Fig. 1d and Supplementary Fig S1) with an anomaly of 0.82 — 1.02°C
over North Africa (estimated from three data sets), which has enhanced the land-sea thermal contrast

between North Africa and surrounding oceans’***

(Supplementary Fig S2) and enhanced the meridional
temperature gradient over North African land (Supplementary Fig S3) an intensification and northward
shift™ of convection in the African Inter-tropical Convergence Zone (ITCZ), implied by observed trends
in Outgoing Longwave Radiation™, an increased easterly shear in the Sahel region, with stronger surface
westerly winds (which supply moisture from the Atlantic Ocean) and a stronger and northward shifted

African Easterly Jet (AEJ)™**® (Supplementary Figs S3 and $4). These changes all indicate an enhanced

Western African monsoon (WAM) in the recent period relative to the drought period of 1964-1993.

Since the drought, several potentia drivers of Sahel rainfall have changed. Sea surface
temperatures have warmed, particularly in the North Atlantic and Indian Oceans (Supplementary Fig S2).
Greenhouse gas concentrations have increased (changes between 1964-93 and 1996-2011 are: 11%
increase in CO,, 18% increase in CH,4, and 6% increase in N,O), and there have been significant changes
in anthropogenic aerosol precursor emissions, including a significant decline in sulphur dioxide emissions
from Europe and North America and a significant increase from Asia (Supplementary Fig S2). To
understand the relative importance of these factors we carried out numerical experiments with the

atmospheric component of a state of the art global climate model (see Methods section).



When all three factors are changed, the model simulates an increase in Sahel rainfall of 0.23 mm
day™, similar to the observed change of 0.26 - 0.31 mm day*. The pattern of change (Fig 1f) shows a
coherent anomaly stretching across North Africain the region of the ITCZ (Supplementary Fig S5), and is
also similar to that observed. Theincrease in rainfall is associated with coherent changes in surface air
temperature (SAT) and atmospheric circulation over North Africathat provide a multivariate fingerprint
of the forced changes (Fig 2a). This fingerprint features: awarming of SAT and reduced sea level
pressure (SLP) over North Africa; an enhanced meridional temperature gradient; and an increased
easterly shear, associated with stronger surface westerly winds and a stronger and northward shifted

African Easterly Jet (AEJ). These features are all consistent with the observed strengthening of the WAM.

When individual forcing factors are changed separately we find, perhaps surprisingly, that the
substantial changesin SST (Supplementary Fig S2) have almost no impact on Sahel rainfall*%°12% (Figs
2b & 3a). The changesin SST cause warming of SAT over North Africa but thiswarming isrelatively
uniform so the changes in the meridional temperature gradient, zonal wind shear and surface westerlies
(Figs 2b, 3b & ¢, and Supplementary Fig S6), that are linked to a change in the WAM, are very weak. By
contrast, the multivariate signal of a strengthened WAM is amost entirely reproduced in our experiments
in response to changes in anthropogenic forcing, with no changesin SST (Fig 3d & f). The direct
response to the anthropogenic forcings exhibits a pronounced increase in the meridional temperature
gradient over North Africa, in the easterly shear, and in the surface westerlies, which directly impacts the
WAM, as captured by our multivariate fingerprint (Figs 2b, 3d, e & f and Supplementary Fig S6).
Furthermore, most of the signal - 74% of the changein Sahel rainfall - is simulated in response to the
increase in greenhouse gas forcing alone. If the responses to individual forcings combine linearly
(discussed below), thisimplies the additional 26% of the change in Sahel rainfall is aresponse to the
change in anthropogenic aerosol precursor emissions (Fig. 2b and Supplementary Fig S7). Thus our
results clearly indicate that greenhouse gas forcing has been the dominant factor in the recent recovery of

Sahdl rainfall.



The results shown in Figs 1-3 are based on experiments which investigate the impact of changing
radiative forcings in the presence of SSTsfor the recent period. To further understand the role of different
forcing factors we carried out additional experiments in which the radiative forcings were changed in the
presence of SSTsfor the earlier drought period (see Methods section and Supplementary Figs S8-S10).
The results again show that the change in anthropogenic forcing leads to a robust strengthening of the
WAM (Supplementary Figs S8 & S9). The magnitude of the precipitation response is approximately 25%
weaker than in the presence of recent period SSTs, which indicates some sensitivity to the background
state. We hypothesise that this sensitivity may be caused partly by a positive feedback between changesin
temperature and water vapour over the Sahel™*. Consistent with this hypothesis, we find that the change in
greenhouse gas forcing causes alarger change in water vapour in the presence of recent period SSTs
(Supplementary Fig S10). Supplementary Fig SO demonstrates that, to a good approximation, the
responses to individual forcings combine linearly: there is evidence of small departures from linearity, but
these departures are not statistically significant. Further investigation into the dependence on the
background climate state of the WAM response to radiative forcing, and potential non-linear interactions

between the responses to different forcings, is an important area for future research.

Our conclusions differ from some earlier studies®*?, which suggested that warming of the
subtropical North Atlantic SST was the primary cause of the recovery in Sahel rainfall. However, the
model experiments reported in these studies showed changesin Sahel rainfall in response to Atlantic SST
that were much weaker and noisier than the observed changes. Moreover these studies did not investigate
the direct impact of changes in radiative forcings, which our results show to be dominant. We note that
the response to the observed SST changes may exhibit some model dependence; investigating the extent
of any such dependence would be a valuable area for future work.

Other previous studies have highlighted the importance of greenhouse gas forcing for Sahel

rainfall in the late 21% century™"®

, and the mechanism identified in these studiesis very similar to that
we find. However, it is surprising that the much smaller (though still substantial) changes in greenhouse

gases over recent decades neverthel ess appear to have been large enough to control the evolution of such



an important feature of continental-scale climate asthe WAM. Looking forward to the next few decades,
greenhouse gas concentrations will continue to rise. Our results suggest that thisrise is favorable for
sustaining, and potentially amplifying, the recovery of Sahel rainfall. It is also expected that
anthropogenic aerosol precursor emissions will decline globally. Large regional variationsin emissions
mean the impact of this declineis hard to anticipate in detail, but our results suggest that the impact on
Sahel rainfall may be less important than that caused by the sustained increase in greenhouse gases.
However, different patterns of SST change — arising from a combination of natural internal variability and

forced responses — could well play amore important role in the future than in the recent past.

It will be important to repeat our study with other climate models, including at higher resolution
and with explicit representation of ocean-atmosphere coupling. Thiswork is urgent because the future of
Sahel rainfall isa central concern for the drought-vulnerable populations of the region. There could also
be important impacts on regions and peoples outside Africa. For example, a further enhancement of the
zonal wind shear associated with Sahel rainfall could influence African Easterly Wave (AEW) intensity®,
AEWSs have been found to play arole in mobilizing and transporting Saharan dust across Africa and much

further afield®®, and in initiating tropical cyclonesin the Atlantic basin®.



M ethods

Observational data sets. The monthly mean SAT & precipitation data sets used are University of
Delaware (UD) land SAT & precipitation v3.01 (1901-2010), CRU TS3.21 SAT & precipitation® (1901-
2013) on a0.5°x0.5° grid, the NOAA's Precipitation Reconstruction over Land (PREC/L) (1948-2013) on
a1°x 1° grid, GPCP v2.2 precipitation® (1979-2013) on a2.5° x 2.5° grid, and the NASA GISS Surface
Temperature Analysis”* (GI STEMP)(1880-2013) on a 2° x 2° grid. Monthly mean SST from 1871 to 2013
is Hadl SST? on a1° x 1° grid. Monthly mean variables of NCEP/NCAR reanalysis 2°° (1979-2013) and
monthly SLP of the 20th Century (20C) Reanalysis®’ v2 (1871-2012) are used. UD, PREC/L, GPCP,
GISTEMP, NCEP/NCAR reanalysis 2 and the 20C reanalysis are provided by the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/. CRUTS3.21 data
are available from the British Atmospheric Data Centre from the site
http://badc.nerc.ac.uk/browse/badc/cru/data/cru_ts/cru_ts 3.21/datal. Hadl SST data are available from
http://www.metoffice.gov.uk/hadobs/. The NCEP/NCAR reanalysis 2 is used to examine changesin the
free troposphere since it uses an updated forecast model and data assimilation system and covers the
satellite period of 1979 to the present®’. Changes are analysed between a base period, 1964-93, during
which the mgjor Sahel drought occurred, and arecent period, 1996-2010/2011 (depending on dataset)
during which Sahel rainfall had shown a significant recovery (Fig 1). In the case of the NCEP/NCAR
reanalysis 2 data, a modified base period of 1979-1993 was used. Comparison of Fig le with
Supplementary Fig S1 shows that @) the change in base period does not have a major impact on the
pattern of SLP change seen in the 20C data, and b) the pattern of change in SLP is consistent between

20C and NCEP/NCAR reanalysis 2.

General circulation model. Climate model experiments have been carried out to identify the roles of
changes in SST/Sea | ce extent (SIE), anthropogenic greenhouse gases (GHG) and anthropogenic aerosol
(AA) forcing in the recent Sahel rainfall recovery. The model used is the atmosphere configuration of the
Met Office Hadley Centre Global Environment Model version 3 (HadGEM3-A%), with a resolution of

1.875° longitude by 1.25° latitude and 85 levelsin the vertical. The model includes an interactive



tropospheric chemistry scheme and five species (sulphate, black carbon, organic carbon, sea-salt, and

dust) of tropospheric aerosols considering the aerosol direct, indirect, and semi-direct effects. Data sets

required by the model for tropospheric aerosol scheme are emissions of sulphur dioxide (SO,), land-based

dimethyl sulphide (DMS), ammonia (NH3), and primary black and organic carbon aerosols from fossil
fuel combustion and biomass burning. Six numerical experiments have been performed (see detailsin
Supplementary Table S1). They are: CONTROL forced by drought period SST/SIE, GHG and AA; ALL
forced by recent period SST/SIE, GHG and AA; SSTGHG forced by recent period SST/SIE and GHG,
but drought period AA; SSTONLY forced by recent period SST/SIE, but drought period GHG and AA;
GHGAA forced by recent period GHG and AA, but drought period SST/SIE; and GHGONLY forced by
recent period GHG, but drought period SST/SIE and AA. The last 25 years of each experiment are used
for analysis and the response to a particular forcing is estimated by the mean difference between a pair of
experiments that include and exclude that forcing. Seasonal mean values for summer (July-September,
JAS) are produced by averaging corresponding monthly mean values. Statistical significance of the
summer mean changes and the 5-95% confidence intervals of the mean changes in both observations and

model experiments are assessed using a two tailed Student t-test.

Model climatology. The spatial patterns of the climatology in observations and in the model CONTROL
experiment are shown in Supplementary Fig S5 and some WAM indices are in Supplementary Fig $4.
The main features of the large scale circulation and precipitation are reproduced reasonably well in
comparison with observations and reanalysis. The position of the Saharan heat low and its strength also
compare well with observations. Associated with the Saharan heat low are strong southwesterly monsoon
winds around ~10°N, to the south of the heat low, and northeasterly winds to the north in observations.
The model simulates the northeasterlies to the north of the heat low well, but underestimates the
southwesterlies to the south. Asthe result, the model simulated precipitation does not extend northward
enough, with mean Sahel rainfall being underestimated. It is likely that these biases are related to
weaknesses in the representation of convection®. The underestimation of Sahel rainfall in the model is
associated with acold biasin SAT and arelatively weak meridional temperature gradient over North

8



Africa, linked to weak vertical shear of zonal wind, weak AEJ, and weak surface westerly winds over the
Sahel (Supplementary Figs S3-S5). When comparing observations with model results the model results

are adjusted to remove the mean biases, as shown in Supplementary Fig $4.
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Figure Legends

Figure 1: Therecent recovery in Sahel rainfall: observed changes and model simulated responses.
a, Time series of Sahel rainfall (mm day™) in July-September (JAS) over the land area (10°-20°N, 20°W-
35°E) from three observational data sets. b, Seasona evolutions of precipitation change (mm day™)
between the recent period of 1996-2010/11 and the earlier period of 1964-1993, in observations and
model simulations. c-e, Spatial patterns of observed seasonal mean (JAS) changes between the two
periods in precipitation (mm day™), SAT (°C), and SLP (hPa). The recent period for University of
Delaware (UD) data sets is 1996-2010 and for the other datasets is 1996-2011. f-h, The same asin c-g,
but the changes in the model simulated responses forced by changesin SST/SIE, GHG concentrations,
and AA precursor emissions (ALL—CONTROL). Thick linesin f and g highlight regions where the
differences are statistically significant at the 90% confidence level using atwo-tailed Student t-test. Red
and black boxes indicate the regions used to calculate some area (land only) averaged monsoon indices
which are shown in Figure 2 and Supplementary Figures $4 and S9. See Methods for details of data sets

and model experiments and analysis.

Figure 2: Observed and model ssimulated seasonal mean (July-September) changesin Sahel rainfall
and related variables. a, Observed changes and simulated responses to changesin SST/SIE, GHG
concentrations, and AA precursor emissions (ALL—CONTROL) for precipitation (mm day™) averaged
over the Sahel (region shown by box in Fig 1f), SAT (°C), and SLP (hPa) averaged over North Africa
(region shown by box in Fig 1g), vertical zonal wind shear (m s™) between 925hPa and 600 hPa over the
Sahel, African Easterly Jet (AEJ, msY), defined as area averaged zonal wind at 600 hPa over the Sahel,
and zona wind (m s?) at 850 hPa over the Sahel. Observed anomalies are (1996-2010) minus (1964-
1993) for precipitation and SAT based on University of Delaware data sets. SLP change are (1996-2011)
minus (1964-1993) based on the 20" century reanalysis. Zonal wind shear and zonal wind changes are
(1996-2011) minus (1979-1993) based on NCEP reanalysis 2. The coloured bars indicated the central
estimates and the whiskers show the 5-95% confidence intervals of the seasonal mean changes in both

observations and model experiments based on atwo tailed Student t-test. b, Model simulated changesin
14



monsoon indices in response to different forcings, normalized by the corresponding total response to al
forcings (ALL—CONTROL). SST & SIE isthe response to changesin SST/SIE (SSTONLY —
CONTROL). GHG isthe response to GHG concentrations (SSTGHG-SSTONLY'), and AA isthe
response to changesin AA precursor emissions (ALL-SSTGHG). See Methods for details of data sets

and model experiments, and analysis.

Figure 3: Spatial patterns of model simulated seasonal mean (July-September) changesin response
to different forcings. a-c, Seasonal mean (JAS) changes in precipitation (mm day™), SAT (°C), SLP
(hPa) and 850 hPawind (m s™) in response to changes in SST/SIE (SSTONLY—-CONTROL). d-f, The
same as in a-c, but for the responses to the changes in GHG concentrations, and AA precursor emissions
(ALL-SSTONLY) . g-i, The same asin a-c, but for the responses to the changes in GHG concentrations
(SSTGHG-SSTONLY). Thick lines highlight regions where the differences are statistically significant at
the 90% confidence level using atwo-tailed Student t-test. See Methods for details of data sets and model

experiments, and analysis.
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