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Anthropogenic Mediterranean warming essential
driver for present and future Sahel rainfall

Jong-yeon Park"?*", Jiirgen Bader"? and Daniela Matei’

The long-lasting Sahel drought in the 1970s and 1980s
caused enormous human and socio-economic losses', driving
extensive research on its causes®. Although changes in global
and regional sea surface temperatures (SSTs) are thought
to be dominant drivers of the severe Sahel drying trend®",
the mechanisms for the recent recovery trend are not fully
clear yet, but are often assumed to be akin to the previous
SST-Sahel drought linkage™ ™. Here we show, by analysing
observational and multi-model data and conducting SST-
sensitivity experiments with two state-of-the-art atmospheric
models, that the SST key area causing the recent Sahel rainfall
recovery is the Mediterranean Sea. Anthropogenic warming of
this region has driven the shift from the tropical Atlantic and
Indo-Pacific oceans, which historically were the main driver
of Sahel drought. The wetting impact of Mediterranean Sea
warming can become more dominant in a future warming
climate and is key to understanding the uncertainty in future
Sahel rainfall projections.

The summer rainfall over the semiarid African Sahel is known for
its pronounced multi-decadal variability over the past century’. In
particular, the persistent Sahel drought in the 1980s is the strongest
inter-decadal climate signal among all recent observational records
in global monsoon regions'’. Intensive studies on the outstanding
drying trend have shown that oceanic forcing is the dominant driver
of the observed low-frequency variability of Sahel rainfall**~'?, with
land surface feedbacks only amplifying the SST-driven rainfall
anomalies’. The underlying SST changes associated with the
historical Sahel drought include anomalies mainly in the Atlantic'”"®
and Indo-Pacific*’, with the Mediterranean SST anomalies
acknowledged to partly contribute to the drought period". An
interhemispheric asymmetry of global SST anomalies that may in-
clude some of the aforementioned regional SST anomalies has been
also recognized as an important component of the Sahel rainfall
change by meridionally shifting the tropical rainbelt>". Additional
forcing from aerosols and greenhouse gases may contribute to the
rainfall change by the direct radiative impact on local land surface
processes and the indirect impact via changes in global SSTs®.

In contrast to the extensive research on the severe Sahel drying
trend during 1950-1990, the cause of the recent wetting trend
since the 1990s has not been fully elucidated. Rather, the same
mechanism causing the Sahel drought is often assumed to hold for
the recent wetting trend. Given the time-varying SST-Sahel rainfall
relationship”’ and the recently occurring climate shifts in global
oceans’™”', however, a different mechanism may be responsible for
the recent Sahel wetting. In particular, tropical convection, which
can excite atmospheric waves and link remote SST forcing to Sahel

rainfall responses, is sensitively dependent on the mean state of the
atmospheric boundary layer™. In this regard, the previously known
pathway of SST impact might be modified by the increased tropical
mean SST observed in recent years. Therefore, we will examine the
detailed mechanisms of Sahel rainfall changes in a warming climate
by focusing on the recent Sahel wetting.

Since the 1970s, summer Sahel rainfall shows a marked contrast
with drying conditions until the mid-1980s and wet conditions
afterward (Fig. la). The composite difference of SST between
wet and dry years exhibits an interhemispheric contrast of SST
anomalies, including a positive north-south SST gradient across
the tropical Atlantic and cooling in the Indian Ocean and eastern
Pacific. This SST pattern is robust even when using the precipitation
and SST data from different observational products and generally
consistent with the SST difference between wet years in the 1950/60s
and dry years in the 1970/80s* (Supplementary Fig. 5). Thus, it
might be tempting to conclude that the same mechanism governing
the past Sahel rainfall change holds for the recent period of Sahel
wetting. However, the magnitudes of SST anomalies in the tropics,
a key area for understanding Sahel rainfall variations until the
mid-1980s, are still quite different in the past and recent periods.
Moreover, even the same magnitude of SST anomalies may trigger
different atmospheric teleconnections of SST impact due to the
recent tropical warming trend, suggesting the necessity of careful
examination of the recent SST-Sahel relationship.

The role of the recent SST changes in forcing the Sahel wetting is
investigated by performing a series of SST-sensitivity experiments
with an atmospheric general circulation model (AGCM). The
model used here is ECHAMS, the latest version of the atmospheric
component of the Max Planck Institute Earth System Model.
ECHAMS6 shows a good performance in capturing the observed
characteristics of West African monsoon rainfall (Supplementary
Figs 1 and 2).

The modelled rainfall response to the global SST anomalies in
Fig. 1b shows a significant increase in Sahel rainfall (Fig. 1c and
Supplementary Fig. 6a). This suggests that the recent Sahel wetting
can be explained by SST changes, which may support the previously
known wetting effect of the positive north-south tropical Atlantic
gradient and Indo-Pacific cooling. However, further experiments
forced by the composite SST anomalies restricted to the tropics
and extratropics show that the recent Sahel rainfall increase mostly
results from the Northern Hemisphere (NH) extratropical SST
anomalies, not from the tropical SST patterns. In fact, the tropical
SST anomalies turn out to have a significant drying impact on the
Sahel. This result differs from earlier studies in that forcing from
the tropical oceans, such as the tropical Atlantic, Indian and Pacific
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Figure 1| Contributions of different ocean basins to the recent Sahel
wetting. a, Time series of observed summer (July-September, JAS) mean
rainfall anomalies over the Sahel (10° W-30° E; 10°-20° N) during the
period 1970-2013. The wet and dry years are identified by rainfall
anomalies exceeding &-1.5 s.d., and are highlighted blue and red
respectively. b, Composite mean difference of observed summer SSTs
between the wet and dry years in the Sahel region (unit, °C). ¢, Simulated
summer Sahel rainfall responses from ECHAM®6 forced by global (black),
tropical (red, 30° S-30° N), NH extratropical (blue, 30°-75° N), and
Southern Hemisphere extratropical (orange, 30°-75° S) SST anomalies in
b. The NH extratropical impact is subdivided into four different NH
extratropical ocean basins, Arctic (Arc., 0°-360° E, 65°-90° N), North
Atlantic (N. Atl,, 100° W-0°, 30°-65° N), North Pacific (N. Pac.,

60° E-100° W, 30°-65° N), and the Mediterranean Sea (Medit., 0°-50° E,
30°-50° N). The significant rainfall responses are marked by a single
asterisk (*) indicating P < 0.10 and by double asterisks (**) indicating

P < 0.05 significance level.

oceans, may not always be dominant in driving historical Sahel
rainfall variations''.

Such inconsistency in the past and recent relationships between
tropical SST and Sahel rainfall is caused by a different atmospheric
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Figure 2 | Dominant role of the Mediterranean Sea in the recent recovery
of Sahel rainfall. a, Time series of summer Sahel rainfall simulated by
ECHAMS6. The model is forced by historical AMIP2 SST forcing
(1951-2007) with fixed greenhouse gas concentrations (CO,, 348 ppm;
CHy, 1,620 ppb; N, O, 312 ppb). The red line is the ensemble mean of ten
simulations and the bars show %1 s.d. of the ensemble spread.
Linear-regression lines in the earlier (1951-1984) and later periods
(1984-2007) are shown with black lines. b, As in a, except over the
Mediterranean Sea, where an interannually non-varying climatological SST
forcing is imposed. The trends for the later period (1984-2007) are
significantly different between the two experiments at P < 0.01 level.

teleconnection under a warming tropical climate. In the past Sahel
wet period, anomalous cooling in the Indian Ocean and eastern
Pacific reduced the vertical stability of the tropical atmosphere by
decreasing moist static energy at upper levels, providing a favourable
condition for large-scale convection over tropical continents, and
consequently leading to an increase in Sahel rainfall*’. In the recent
Sahel wet period, however, the western Pacific warm pool region
may play a dominant role in controlling tropical atmospheric sta-
bility. The tropical atmospheric response to the grand La Nina-like
pattern change (warming in the western Pacific and cooling in the
eastern Pacific) shows that the stabilizing impact, or equivalently
drying impact, of western Pacific warming dominates the wetting
impact of SST changes in other tropical ocean basins (Supplemen-
tary Fig. 7). This modified tropical SST-Sahel teleconnection is
presumably due to a stronger sensitivity of tropical deep convection
to western Pacific SST anomalies, which is caused by a marked
observed warming over the western Pacific warm pool®.

The wetting impact of the NH extratropical SST changes, the
key for the recent Sahel rainfall increase, is further analysed.
To understand the detailed extratropical SST-Sahel rainfall
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Figure 3 | Increasing impact of the Mediterranean Sea in a warming climate. a, Sahel rainfall responses to different magnitudes of uniform warming in the
individual NH extratropical ocean basins. b, Scatter plot of future Sahel rainfall changes against future Mediterranean SST changes across the 34 CMIP5
models. The future change is defined as the mean difference between the periods 2010-2099 and 1910-1999. Each mark represents an individual CMIP5
model. The fitted linear-regression line is shown as a red line. The indicated correlation coefficient (Corr.) between future changes in Mediterranean SST

and in Sahel rainfall is significant at P < 0.01 level.

relationship that has been strengthened in recent decades, the NH
extratropical forcing used in the AGCM experiment is further
separated into four different ocean basins, Arctic, North Atlantic,
North Pacific, and Mediterranean Sea. The rainfall responses
show that the Mediterranean warming is the most dominant
contributor to the recent Sahel wetting (Fig. 1c). Forcing from
other NH extratropical ocean basins, however, contributes only a
minor portion to the Sahel wetting despite their larger area. Also,
decadal changes in the SST forcing defined by the mean difference
between the earlier dry period (1970-1985) and later wet period
(1994-2013) show the dominant role of the Mediterranean Sea in
forcing the recent recovery of Sahel rainfall (Supplementary Fig. 8).

A set of two experiments, in which the model is driven by
historical global SSTs with and without historical variations
in Mediterranean SSTs, clearly supports the dominant role of
Mediterranean warming in the recent Sahel rainfall recovery (see
Fig. 2a,b). Without information on the recent Mediterranean warm-
ing, which is most likely attributed to increasing anthropogenic
greenhouse gases (Supplementary Fig. 9), the model simulates the
persistent drying condition over the Sahel. An interesting finding
is that, compared with SST impact, the direct radiative impact
of greenhouse gases (not via SSTs) contributes negligibly to the
historical Sahel rainfall variations (see Figure 2a and Supplementary
Fig. 10). This gives more credit to the mainstream view that
historical SST forcing is dominant in driving the Sahel rainfall
evolution®>®'2, rather than to the view that the direct radiative
impact of greenhouse gases plays a dominant role in a warming
climate™. One reason why in one certain model the direct impact
of greenhouse gases predominates over the indirect impact via
SST could be their underperformance in simulating the historical
SST-Sahel rainfall relationship, thereby muting the SST impact
(Supplementary Fig. 11). Our results are confirmed by the same
experiments using another state-of-the-art AGCM (Supplementary
Figs 3 and 4). Although this finding still relies on the results from
two models, the increasing role of the Mediterranean Sea is also
confirmed by the observational evidence that shows a substantially
increased correlation between the Sahel rainfall and Mediterranean
SST over the recent period (Supplementary Fig. 12).

How will the Sahel rainfall change in the future if the warming
in the extratropics continues as projected by most climate models?
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To understand the first-order response of Sahel rainfall to future
extratropical warming, additional SST-sensitivity experiments are
performed by applying various magnitudes of uniform warming in
different extratropical ocean basins. The Mediterranean impact on
Sahel rainfall turns out to be the dominant factor, with a strong Sahel
rainfall response proportionally increased with the magnitude of
SST warming (Fig. 3a). The North Atlantic warming generally shows
a weaker impact on Sahel rainfall compared with the Mediterranean
warming, with a linearly increasing rainfall response to weak SST
warming but a steady response to strong SST warming. The other
ocean basins, Arctic and North Pacific, however, do not exhibit
such a distinct Sahel rainfall response to different magnitudes of
SST warming. The dominant impact of Mediterranean Sea warming
suggests that its wetting impact may become more important as
global warming progresses, particularly when future extratropical
warming is greater than tropical warming.

A key issue in West African monsoon research is a large
uncertainty in future Sahel rainfall projections®”. Different climate
models disagree even on the sign of the future Sahel rainfall trend.
A multi-model analysis reveals that variation in the magnitude of
future Mediterranean warming is closely correlated with diverse
future Sahel rainfall projections across the climate models (Fig. 3b).
In particular, the relationship becomes more obvious when
considering the relative Mediterranean Sea warming compared with
tropical SST warming in that the wetting impact of Mediterranean
warming potentially competes with the drying impact of overall
tropical warming in the future (Supplementary Fig. 13). Such
a successful explanation of the future Sahel rainfall uncertainty
implies that the disparate Mediterranean Sea warming simulated by
current climate models is a crucial source of the future uncertainty
despite other possible factors influencing future Sahel rainfall (for
example, intermodal variations in land surface processes, future
SST anomalies, and model sensitivity to SST forcing). This result is
consistent with a recent work that suggests future NH differential
warming as a key to understanding the discrepancy in the future
Sahel rainfall®®, but further providing a unifying view of present
and future Sahel rainfall changes as a consequence of anthropogenic
Mediterranean Sea warming.

As a further check on the role of the Mediterranean Sea in
the future, we quantify the relative contribution of different ocean
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Figure 4 | Contributions of different ocean basins to a strong future Sahel
wetting. a, Summer mean SST difference between the twenty-first and
twentieth century simulated by MIROC-ESM that projects a strong future
Sahel wetting (unit, °C). b, Similar experiments as shown in Fig. 1c but with
ECHAMS6 forced by the future SST warming from a. The significant rainfall
responses are marked by double asterisks (**) indicating P < 0.05
significance level.

basins to future Sahel rainfall changes by choosing a climate
model that projects a strong Sahel wetting. A similar AGCM
experiment forced by the projected future SST warming from
the selected climate model, MIROC-ESM, shows that the strong
future Sahel wetting mostly comes from the extratropical warming,
particularly with a dominant impact from Mediterranean Sea
warming (Fig. 4). The wetting impact of North Atlantic warming
contributes the second most despite its larger magnitude of warming
compared with the Mediterranean warming. Warming in the Arctic
and North Pacific oceans contributes only a little to the future
Sahel wetting.

The mechanism of the Sahel rainfall increase by Mediterranean
Sea warming is consistent with previous works'***?°, showing that
the moist air by enhanced evaporation over the Mediterranean
Sea advects southward into the Sahel, and then leads to the
enhanced low-level moisture convergence and increased rainfall
(Supplementary Fig. 14). This initial rainfall increase is then
amplified by a moisture influx from the tropical Atlantic. A
moisture budget analysis also demonstrates that the Sahel rainfall
increase is dominated by the meridional moisture advection and
convergence in early monsoon season and then followed by the
dynamic reinforcement of monsoon flow in late monsoon season
(Supplementary Fig. 15). The enhanced monsoon flow is associated
with the surface warming of the Sahara and the accompanying
increase in the strength of the Saharan Heat Low (Supplementary
Fig. 14), which is consistent with recent studies suggesting a
relationship between Saharan desert warming and Sahel wetting in
a warming climate”?.
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One great concern for West African societies is to understand
whether the recent increase in Sahel rainfall will be sustained or
not. Our findings establish the Mediterranean Sea as a crucial factor
determining present and future Sahel rainfall trends. Looking ahead
into the long-term future, greenhouse gases will continue to rise and
this rise is likely to increase Mediterranean SST, which can provide
a favourable condition of persistent Sahel wetting. Therefore, a
careful investigation of how the Mediterranean Sea responds to
anthropogenic climate change is a critical issue in improving the
reliability of future Sahel rainfall projections.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

The primary precipitation and sea surface temperature (SST) data used in this
study are obtained from the Global Precipitation Climatology Center” operated by
the German National Meteorological Service, and the extended reconstructed SST
version 3 (ref. 30) provided by the National Oceanic and Atmospheric
Administration (NOAA) National Climate Data Center. The precipitation from the
Climatic Research Unit and Global Precipitation Climatology Project data sets, and
the SST from the NOAA Optimum Interpolation SST and Hadley Centre data sets
are also used to check the robustness of our results. The wet and dry years for the
composite analysis are defined on the basis of 1.5 s.d. of the July-September mean
Sahel rainfall anomalies during 1970-2013.

The multi-model data set shown in Fig. 3b is obtained from the Coupled Model
Intercomparison Project (CMIP5) archive. A total of 34 CMIP5 models, which
provide SST and precipitation outputs during 1860-2100, are used in this study.
The future scenario chosen is representative concentration pathway 4.5, a medium
radiative forcing scenario.

The AGCM model used for the SST-sensitivity experiments is ECHAMS,
developed at the Max Planck Institute for Meteorology. The model has a T63
horizontal resolution (1.875° x 1.875°) and a high vertical resolution with 47 levels.
The ECHAM models are known to simulate the African monsoon with reasonable
accuracy and have been extensively used for West African monsoon studies”. The
precipitation response shown in Fig. 1c is the Sahel rainfall difference between two
AGCM experiments, one forced by the composite (wet minus dry years) SST
anomalies in Fig. 1a superposed on the monthly climatological SSTs used in the

Atmospheric Model Intercomparison Project (AMIP2), and the other one by the
AMIP2 climatological SSTs during 1979-2008 (repeated annual cycle). Similarly,
the Sahel rainfall response shown in Fig. 3a is the mean difference between the
perturbed run forced by various magnitudes of uniform warming in an individual
ocean basin and the control run forced by the AMIP2 climatological SSTs. The SST
boundary forcing for the AGCM experiments shown in Fig. 4b is obtained from
MIROC-ESM in CMIP5. ECHAMS is forced by two climatological SSTs averaged
over the last 30 years of the twentieth (1970-1999) and twenty-first century
(2070-2099) from MIROC-ESM. In the case of isolating the impact of a certain
area, the perturbed SST boundary forcing is prescribed only over the individual
ocean basin. For all of the SST-sensitivity experiments, other boundary conditions
(for example, greenhouse gases and solar radiation) are identical for the perturbed
and control runs. A total of 20 ensemble runs initiated from different states are
conducted, and only the summer (July-September) mean is shown in this study. A
statistical test is applied to model responses on the basis of two-tailed Student’s
t-test.
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