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ABSTRACT

Precipitation regime shifts in the Sahel region have dramatic humanitarian and economic consequences
such as the severe droughts during the 1970s and 1980s. Though Sahel precipitation changes during the late
twentieth century have been extensively studied, little is known about the decadal variability prior to the
twentieth century. Some evidence suggests that during the second half of the nineteenth century, the Sahel
was as rainy as or even more rainy than during the 1950s and 1960s. Here, we reproduce such an anomalous
Sahel humid period in the late nineteenth century by means of climate simulations. We show that this increase
of rainfall was associated with an anomalous supply of humidity and higher-than-normal deep convection in
the mid- and high troposphere. We present evidence suggesting that sea surface temperatures (SSTs) in the
Atlantic basin played the dominant role in driving decadal Sahel rainfall variability during this early period.

1. Introduction

The Sahel is the semiarid zonal fringe of West Africa
lying between the Sahara Desert to the north and the
tropical rainy savanna to the south (10°-17.5°N). This
region is extremely sensitive to rainfall changes during
its rainy season, which goes from July to September
(JAS). Throughout the twentieth century, the Sahel
experienced an abrupt change of its precipitation re-
gime. It went from a sequence of mostly rainy years in
the mid-twentieth century, over the 1950s and 1960s, to a
long period, between the 1970s and 1980s, during which
severe drought years predominated. In turn, there has
been a recovery of the Sahel precipitation during the last
decade of the twentieth century (Lebel and Ali 2009).
Considering the precariousness of the countries in the
Sahel and the climatic characteristics of the region itself,
it is not surprising that such a change in the rainfall re-
gime and the long persistence of drought conditions has
had dramatic economic and humanitarian consequences
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(Ickowicz et al. 2012). The decadal variability of the
Sahel rainfall during the twentieth century has therefore
been the focus of a great number of research works (e.g.,
Folland et al. 1986; Giannini et al. 2003; Caminade and
Terray 2010; Mohino et al. 2011a; Rodriguez-Fonseca
et al. 2015). It is broadly agreed that changes in the West
African Sahel rainfall rate at decadal time scales are
induced by the SST variability in the Atlantic (Folland
et al. 1986; Knight et al. 2006; Zhang and Delworth 2006;
Ting et al. 2009; Martin and Thorncroft 2014), the Pa-
cific, and the Indian Oceans (Bader and Latif 2003;
Caminade and Terray 2010; Villamayor and Mohino
2015) and that these changes are amplified by land sur-
face processes (Zeng and Neelin 1999; Giannini et al.
2003; Kucharski et al. 2013).

There are also many studies addressing the future
evolution of the Sahel precipitation (Biasutti and
Giannini 2006; Biasutti et al. 2008; Monerie et al. 2012;
Biasutti 2013; Vizy et al. 2013). Two main competing
factors have been identified to dominate these changes:
the increasing trend of carbon dioxide atmospheric
content and the global SST warming. The former tends
to enhance the Sahel rainfall, while the latter tends to
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reduce it (Biasutti and Giannini 2006; Gaetani et al.
2017), with more pronounced effects in the central Sahel
at the end of the rainy season and in the western Sahel at
the start of the rainy season, respectively (Biasutti 2013).
Forecasting these long-term trends would be very
valuable in order to anticipate and prevent their nega-
tive impacts. In addition, great efforts have been made
to develop reliable decadal predictions using general
circulation models (Latif et al. 2004; Meehl et al. 2009;
Doblas-Reyes et al. 2013). Their predictive skill has
been related to their ability to correctly reproduce the
link between SST and the Sahel precipitation (Gaetani
and Mohino 2013; Garcia-Serrano et al. 2015; Mohino
et al. 2016). Therefore, having a good knowledge of the
evolution of the Sahel rainfall in relation to the SST in
the past is highly relevant for the understanding and
assessment of future changes and decadal predictions.

Despite all the understanding of the West African
monsoon (WAM) gathered in the instrumental period,
there is very little documentation on the evolution of the
Sahel precipitation during the nineteenth century. To
our knowledge, the few existing sources that document
this period are Gallego et al. (2015, hereafter GA15) and
Nicholson et al. (2012, hereafter NI12). GA15 defines
the so-called African southwesterly index (ASWI),
based on the persistence of southwesterly low-level
winds in a region over the Atlantic, close to West Af-
rica (29°-17°W, 7°~13°N), and calculated from historical
measurements of JAS wind direction, complete since
1839. The ASWI is strongly correlated with the observed
Sahel precipitation since 1900 and is, therefore, pre-
sented as a good indicator of its variability. NI12, in turn,
made a semiquantitative reconstruction of rain in Africa
during the nineteenth century. It is based on the use of
descriptive documentary data of rainfall throughout the
continent to complete the scarce information from rain
gauge stations. To do this, the continent is divided into
90 regions with uniform precipitation regimes. Then,
time series were defined, taking positive (negative)
values from 1 to 3 depending on whether the year was
moderately, abundantly, or severely rainy (dry) ac-
cording to the documentation compiled at each region
and following a selection criterion. The Sahel spans six
of these regions, and its rainfall index is the average of
their time series.

Both GA15 and NI12 have shown evidence of the
existence of a humid period in the Sahel during some
decades in the second half of the nineteenth century.
However, they disagree as to the duration and intensity
of this anomalously humid period. GA15 results suggest
that it lasted from 1839 to 1890 and that it was more
intense than the mid-twentieth-century rainy period.
NI12 rather showed that in the second half of the
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nineteenth century, drought years predominated during
1855-64, followed by others with mostly wet conditions
until 1892, although not excessively intense.

The key questions we want to address with this work
are as follows: 1) Can the long rainy period of the late
nineteenth century be reproduced with an atmospheric
general circulation model (AGCM) forced with ob-
served SSTs? 2) What are the atmospheric mechanisms
that explain such a humid period, and what is their re-
lation with the SST? 3) Which is the key basin control-
ling the Sahel decadal shifts in rainfall in the late
nineteenth century?

2. Data and methods
a. Observational data

Different observational products are analyzed in this
work. Monthly gridded data of precipitation from
GPCC, version 7 (GPCC; Schneider et al. 2016), and
Climatic Research Unit Time Series, version 3.24.01
[CRU TS3.24.01 (CRU); Harris et al. 2014], datasets,
provided from 1901 to present with a spatial resolution
of 0.5° are used. Also the SST data from the HadISST,
version 1 (HadISST1; Rayner et al. 2003), and ERSST.
v4 (Huang et al. 2015; Liu et al. 2015) datasets, provided
from 1870 to 1854 and with a spatial resolution of 1° and
2°, respectively, are analyzed. Wind and specific hu-
midity data from the NCEP reanalysis (Kalnay et al.
1996; providing data from 1948 with a latitude and lon-
gitude resolution of 2.5° and 17 vertical levels) are used
to calculate the moisture flux as the product between
both and to represent the observed atmospheric dy-
namics. Finally, the observational ASWI of GA15 and
the semiquantitative precipitation data from NI12 in the
Sahel are also represented.

b. LMDZ model and experimental design

The simulations performed in this work have been done
with the fifth version of the Laboratoire de Météorologie
Dynamique zoom model (LMDZ). This AGCM is de-
veloped at L’Institut Pierre-Simon Laplace (IPSL), and
this version is the atmospheric component of the IPSL-
CMS5A coupled model (Hourdin et al. 2013) used in
phase 5 of the Coupled Model Intercomparison Project
(CMIP5). The LMDZ is coupled to the latest version of
the land surface model ORCHIDEE (Krinner et al.
2005). The configuration used here has a spatial reso-
lution of 2.5° and 1.25° in longitude and latitude, re-
spectively, and 39 vertical levels.

First, a set of 19 members starting from a long-term
simulation have been run for the period 1854-2000 with
the same boundary conditions but different initial state
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of the atmosphere. The boundary conditions imposed on
the model to perform these simulations are the sea ice
cover, the SST, and the atmospheric gases that affect the
external climate forcing. The sea ice cover data used are
from HadISST1 (Rayner et al. 2003), extending back to
the year 1854 from the monthly climatological data
provided for the period 1870-1900. The evolution of the
greenhouse gases concentration is the same as used in
the historical simulations of CMIP5 (Dufresne et al.
2013). This has been combined with stratospheric
aerosol effects estimated from registers of volcanic
eruptions (Sato et al. 1993). The ERSST.v4 dataset
(Huang et al. 2015; Liu et al. 2015) has been used for the
SST forcing, which provides data from 1854. This latest
version has improved metadata bias correction and
completeness with respect to previous versions and has
been shown to exhibit more realistic SST variability than
ERSST.v3 (Huang et al. 2015; Liu et al. 2015; Diamond
and Bennartz 2015; Huang et al. 2016).

Second, two different sensitivity experiments have been
performed by varying the SST boundary conditions for
the period 1854-1910. The initial ensemble of long-term
simulations has been used to show that five realizations
are a good compromise to extract a significant signal from
the internal weather noise on the ensemble mean (details
in section 3a). Therefore, the sensitivity experiments are
performed with this ensemble size. In one of them [At-
lantic sector SST variability (ATLVAR)], the boundary
condition imposed in the Atlantic sector is the observed
evolution of SSTs, as in the previous long-term simulation
of reference (REF). Outside this area, the climatological
annual cycle of SSTs relative to 1854-1910 is used. Out-
puts of this experiment are noted with an ‘““atl” sub-
script. In the other sensitivity experiment [Indo-Pacific
sector SST variability (INPVAR)], the observed SSTs
evolution is imposed in the Indo-Pacific Ocean surface,
while the Atlantic SSTs are fixed to the climatological
annual cycle. Outputs of this experiment are noted
with an “inp” subscript. The Atlantic sector spans its
entire basin, including the Mediterranean Sea and part
of the Arctic and Southern Oceans to the north and
south, respectively. Two meridional boundaries at
70°W and 12°E, south of the South American and Af-
rican continents, separate the Atlantic sector from the
Pacific and the Indian Ocean, respectively (see
boundaries in Fig. 5b). In these oceanic boundaries, the
SST anomalies (SSTA) added to the climatology in one
region or another are buffered through a linear re-
laxation along five grid points.

c¢. Definition of indices

A Sahel precipitation index (SPI) is defined as the
area-weighted average of the JAS seasonal precipitation
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across 17.5°W-10°E and 10°-17.5°N. Following GA15,
the Sahel monsoon season is also described through the
ASWI, which corresponds to the proportion of days per
month with predominant southwesterly wind across
29°-17°W and 7°-13°N and averaged in JAS. The wind
direction is obtained from the daily output of the
model simulations of wind at 10 m above the surface.
To represent the low- or the high-frequency variability
of these indices, a low- or high-pass Butterworth filter,
respectively, with an 8-yr cutoff period is applied to the
unfiltered time series (representing the total variability).
The variability is quantified in terms of the standard
deviation.

The time evolution of the low-frequency (LF) vari-
ability of the Atlantic SST is characterized by the index
of the Atlantic multidecadal oscillation (AMO; Kerr
2000). The AMO index is computed as the first principal
component of an empirical orthogonal function analysis
of the 13-yr low-pass-filtered residual SSTA of the North
Atlantic (0°-60°N), where the residual SSTA stands
for a field in which the global warming signal is removed,
following Mohino et al. (2011a).

d. Multilinear regression analysis

To evaluate how much of the total SPI variance of the
REF experiment [Var(SPI.)] can be explained by the
indices of the two sensitivity experiments (SPI,; and
SPI;,,), we follow the analysis proposed in Mohino et al.
(2016). This is based on the multilinear regression
analysis of the former index as the dependent variable
with the other two as the independent ones. Then the
total variance can be decomposed into four components
as follows:

Var(SPI ) = o’ + B* + 2aBCov(SPL, SPL, )
+ Var(e), @)

where « and B stand for the multilinear regression co-
efficients and ¢ for the residual of the fit, and Cov(SPL,,
SPIi,p) is the covariance between both independent
variables.

e. Statistical significance of the results

The statistical significance of the correlation coeffi-
cients is evaluated according to the random-phase test of
Ebisuzaki (1997), which takes the serial correlation of
the time series into account. In cases where a correlation
is significant at a confidence level greater than 99%, we
refer to it as highly significant.

The Student’s ¢ test is also used to evaluate the 95%
statistical significance in spatial patterns comparing two
means or mean anomalies with respect to zero and to
test the slope of a regression line.
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FIG. 1. Climatology (colors) and standard deviation (contours) over 1901-2000 of the JAS precipitation (mm day ') for the (a) GPCC and
(b) CRU observational datasets and for (c) the ensemble mean of the LMDZ simulations.

3. Results rainfall variability is underestimated by roughly one-
third by the LMDZ in response to the forcings im-
posed. Other studies have also shown that, in general,
AGCMs have a weak response of West African rain-
fall to the SST forcing (e.g., Joly et al. 2007;
The climatological Sahel precipitation during JAS Rodriguez-Fonseca et al. 2011; Kucharski et al. 2013;
simulated by the REF ensemble mean is compared with ~ Vellinga et al. 2016). This is typically attributed to the
respect to observations over the 1901-2000 common coarseness of the AGCM’s spatial resolution and to
period (Fig. 1) so as to evaluate the LMDZ’s ability to  the accuracy with which land-atmosphere feedbacks
reproduce the main West African rainfall features that are parameterized (Giannini et al. 2003; Cook and
affect the Sahel. Over land, the model successfully Vizy 2006; Vizy et al. 2013; Vellinga et al. 2016).
reproduces a maximum value of the climatological
rainfall during JAS toward the north of West Africa:
around 10mmday ' is simulated as averaged between To validate the way the LMDZ simulates decadal
17.4°W and 10°E, which is similar to observations. shifts of the WAM, we concentrate on the Sahel drought
However, while in observations this maximum reaches of the twentieth century: the difference between the
latitudes between 10° and 12°N, it remains at lower lat-  simulated mid-twentieth-century rainy period (averaged
itudes in the simulations, slightly south of 10°N. As a  from 1948 to 1963) and the subsequent dry one (1969—
consequence, the reproduced climatological JAS pre- 98) is compared to observations. Observational data of
cipitation amount over the Sahel (averaged across precipitation reveal a contrast of abundant rainfall
17.4°W-10°E and 10°-17.5°N) is underestimated by 23%  throughout the Sahel and a shortage to the south during
with respect to observations (from the GPCC and CRU the rainy period with respect to the dry one (Fig. 2a),
datasets). which is accurately reproduced by the LMDZ (Fig. 2b).
Nevertheless, consistent with the reproduced climatol-
ogy (Fig. 1), the LMDZ underestimates the observed
The total variance of the ensemble-mean rainfall in  amounts of rainfall in the north of the Sahel region and,
West Africa simulated by the model is also under- outside of West Africa, it is not very realistic east
estimated with respect to observations (Fig. 1), re- of 25°E.
producing 65% of the observed standard deviation The difference between the rainy period and the dry
over the Sahel at decadal time scales (Table 1). Part of one in the vertical profiles of the specific humidity and
the underestimation of the observed Sahel rainfall moisture flux over West Africa, averaged between 10°W
low-frequency variability comes from the averaging

among all members, which accounts for an un- TABLE 1. Standard deviation of the unfiltered (TOT) and the LF
. . o . . . andar eviation O € unfutere an €
derestimation of 7% of the standard deviation of the SPI (mmday~") from the GPCC and CRU observations, from the

individual simulations (Table 1). Nevertheless, the  gmulations considering the 19 members individually and then aver-
standard deviation of the low-frequency SPI repro- aged (LMDZ;,q), and from the ensemble-mean SPT (LMDZ. ;g mean)-
duced by the individual simulations is reduced by 31%
of the observed one, on average. At all time scales,
the SPI standard deviation is similarly under- TOT 0.766 0752 0.492 0419
estimated. This indicates that the observed Sahel % 0-535 0-566 0-380 0.355

a. Model validation

1) CLIMATOLOGY

3) MECHANISM

2) VARIABILITY

GPCC CRU LMDZidiv LMDZc s mean
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FIG. 2. Difference between the 1948-63 and the 1969-98 mean of JAS precipitation in (a) observations and (b) the ensemble-mean
LMDZ simulations. Homologous pattern of the JAS vertical profile, averaged between 10°W and 10°E, of the specific humidity (gkg™!;
color shading), the zonal moisture flux (gkg ™' ms™'; red contours), and its vertical and latitudinal components (unrealistic units; black
streamlines) in (c) the NCEP reanalysis and (d) the ensemble-mean LMDZ simulations. Same time period difference of the JAS SST from
(e) HadISST1 and (f) ERSST.v4 datasets. Gray contours indicate where the magnitude of precipitation in (a) and (b), the streamlines in
(c) and (d) or SST in (e) and (f) averaged over both periods is significantly different between each other at the 5% confidence level
following a ¢ test for the comparison of two means. Purple lines in (c) and (d) indicate the latitudinal limits of the Sahel.

and 10°E, obtained for the NCEP reanalysis and the
LMDZ simulation, is shown in Figs. 2c¢ and 2d, re-
spectively. In agreement with the reanalysis, the LMDZ
simulates a shift toward the north of the deep convection
related to the intertropical convergence zone (ITCZ),
the midlevel easterly flow (associated with the African
easterly jet; Cook 1999; Grist and Nicholson 2001), and
the humidity distribution in the troposphere during the
wet period relative to the dry one. Such a decadal shift of
the Sahel rainfall and the described mechanism are

associated with an interhemispheric pattern of the At-
lantic SST (Figs. 2e,f; Folland et al. 1986; Zhang and
Delworth 2006; Knight et al. 2006; Ting et al. 2011;
Martin and Thorncroft 2014; Martin et al. 2014). Hence,
it is shown that the LMDZ broadly reproduces the main
atmospheric mechanisms leading the decadal Sahel
rainfall variations observed in the twentieth century in
response to the SST. Nevertheless, the model un-
derestimates the zonal moisture flux, consistent with un-
derestimated wind intensity (not shown), the moisture
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FIG. 3. Correlation coefficients between the 8-yr low-pass-
filtered (orange dots) and unfiltered (light blue dots) SPI of the
GPCC dataset and the ensemble mean over all possible combina-
tions from 1 to 19 reproduced members in the LMDZ simulations.
The horizontal axis indicates the number of members averaged.
The open circles indicate the mean values among all the correlation
coefficients obtained for each ensemble. The dark dots at the upper
right denote the correlation coefficients between the 8-yr low-pass-
filtered (red) and unfiltered (blue) SPI of each individual member
and the ensemble mean of the remaining 18.

convergence over the Sahel, and the tropospheric content
of humidity (note the different contour and color shade
scales used in Figs. 2¢,d). This is consistent with the un-
derestimation of the observed precipitation variability
and climatology (Fig. 1). Locally, there are slight dis-
crepancies between the simulations and the reanalysis,
such as the low-level vertical anomalous flow around 14°—
18°N. A possible explanation for these discrepancies
could be the intensity of local SST gradients represented
by the observational datasets in certain regions affecting
the WAM variability, such as the subtropical North At-
lantic, the Mediterranean Sea, and the Indian Ocean
(Giannini et al. 2013; Martin et al. 2014). It is expected
that the inherent uncertainties of the SST data used will
have an effect on the simulations. Notwithstanding, the
described discrepancies between simulations and the re-
analysis do not affect the way the LMDZ reproduces the
main characteristics of the West African precipitation
climatology and its variability during the rainy season.

4) ENSEMBLE SIZE

So as to evaluate the robustness of the results ob-
tained with respect to the uncertainty coming from
weather noise, the correlation between the observed
SPI (from GPCC data between 1901 and 2000) and the
ensemble-mean index using from 1 to 19 members in
all the possible combinations is shown in Fig. 3, fol-
lowing Caminade and Terray (2010). The mean of the
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correlation coefficients of the unfiltered indices rapidly
converges to around R = 0.50. Regarding the 8-yr low-
pass-filtered indices, the mean value of the correlation
coefficients also quickly converges to R = 0.75. This
means that the simulated Sahel precipitation can explain
around 30% and 60% of the observed shifts of the Sahel
rainfall at all and at decadal time scales, respectively.
The rapid convergence of the correlation mean co-
efficients to a stable value suggest that the correlation
with observations will not increase significantly by
adding more members. It also suggests that fewer than
19 members can be used to obtain a robust estimation of
the simulated response. For the sensitivity experiments
ATLVAR and INPVAR, we chose five members as a
compromise between computational effort and robust-
ness of the results. The correlation between the SPI of
each one of the 19 members separately with the en-
semble mean of the remaining 18 simulations is also
shown (filled dark red and blue dots in Fig. 3). Their high
values of about 0.85 and 0.95, respectively, at all time
scales and at decadal ones, is also indicative of the
strong influence of the external forcing in the Sahel
rainfall variability with respect to the random noise of
the model.

b. The Sahel rainfall time evolution

The observed SPI presents good agreement with the
ASWI of GA15 (Fig. 4). Both show marked decadal
variability, with an anomalously rainy period over 1945—
63 followed by a dry one lasting to the end of the
twentieth century, with a partial recovery. Over the late
nineteenth century, the ASWI suggests a long-lasting
wet period over 1845-90 and more intense than the one
of the twentieth century. In turn, the Sahel index based
on the semiquantitative reconstruction of NI12 supports
the occurrence of such an early long rainy period but
shorter (roughly from 1866 to 1892) and less intense than
the one in the twentieth century.

Our simulated SPI describes a similar evolution along
the twentieth century to the observed one (Fig. 4). The
low-pass-filtered simulated and observed SPI indices are
strongly correlated over the twentieth century (R = 0.77,
highly significant). The simulations successfully re-
produce the observed low-frequency evolution between
peaks of maximum or minimum precipitation in the
Sahel. They also reproduce the anomalous humid period
of the mid-twentieth century, the subsequent dry one,
and the partial recovery at the end of the twentieth
century. The main discrepancy is around the year 1940,
when the simulations reproduce an intense increase of
precipitation in contrast to observations. This in-
consistency may be attributed to the high uncertainty of
the SST data during the Second World War rather than
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FIG. 4. The bars show the semiquantitative index of Sahel precipitation of the reconstruction of NI12. The lines
represent the seasonal ASWIin JAS of GA15 (black) and the observed index of JAS seasonal precipitation in the
Sahel (averaged in 17.5°W-10°E, 10°~17.5°N) in observations (green) and in the ensemble-mean simulation (blue).
The last three indices have been low-pass filtered with an 8-yr cutoff period and standardized with respect to the
observed period (1901-2000). The blue shading is the standard deviation among the 19 members simulated.

to the model skills (Thompson et al. 2010; Kennedy
2014; Huang et al. 2016). In addition, the shift from
positive to negative anomalies occurs during 1964, five
years earlier than in observations and the ASWI
of GA1S.

At decadal time scales, the reproduced SPI is also
positively correlated with the observed ASWI of GA15
in the 1854-2000 period (R = 0.53, significant at the
87% confidence level). Regarding the second half of
the nineteenth century, the simulations reproduce an
anomalously rainy period from 1863 to 1883 with respect
to the twentieth-century climatology. This is consistent
with GA15 and NI12. Before 1863, though, the two re-
constructions do not agree and the simulations re-
produce anomalous drought conditions in the Sahel, in
agreement with NI12 but not with GA15. Furthermore,
the simulated rainy period ends around 1883, which is six
years earlier than suggested by GA15. As far as intensity
and duration are concerned, this late nineteenth-century
rainy period is comparable to the mid-twentieth-century
(1945-63) one in the simulations. This is in contrast with
the result of GA15, which suggests that the Sahel rainfall
was exceptionally strong over most of the second half of
the nineteenth century.

The simulated spatial pattern of anomalous pre-
cipitation over the late nineteenth-century rainy period
(1863-83) shows significant positive anomalies over the
Sahel (Fig. 5a). South of 10°N, there is a strong deficit of
precipitation in the tropical Atlantic and nonsignificant
anomalies inland. This pattern is similar to the one of the
contrast between the rainy and dry period of the mid- and

the late twentieth century, respectively, that the simula-
tions reproduce (Fig. 2b).

Therefore, these results show that, albeit some differ-
ences in terms of timing and intensity, our simulations
succeed in reproducing an unprecedented decadal wet
period in the late nineteenth century, supporting the ev-
idences of its existence (shown by GA15 and NI12), and
which has a similar pattern to that of the mid-twentieth
century. Such favorable comparison between simulated
and observed Sahel rainfall variability since the nine-
teenth century suggests that our model experiments can
help shed some light on the physical mechanisms at play.

¢. Mechanisms involved in the late nineteenth-century
wet period

During the Sahel humid period of the late nineteenth
century, the LMDZ simulations show reinforced mon-
soonal rainfall over West Africa (Fig. 5a). There is a
significant abundance of precipitation throughout a
zonal band that covers the Sahel region (from the
western coast to 10°E and between 10° and 17.5°N),
while the surrounding continental areas do not pres-
ent significant rainfall anomalies. Over the tropical
Atlantic, roughly within 3°-12°N, there is a marked
deficit of rainfall.

This distribution of precipitation anomalies is associ-
ated with SSTA that broadly present an interhemispheric
gradient in the Atlantic basin, with mostly warm SSTA in
the northern half and cold ones to the south (Fig. 5b). A
band of intense cold SSTA extends from the southwest-
ern to northeastern tropical North Atlantic. This cooling,
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FIG. 5. The 1863-83 mean JAS seasonal anomalies with respect to the 1854-2000 climatology
of (a) precipitation (mm day ') of the ensemble-mean LMDZ simulation and (b) SSTA (K) of
the ERSST.v4 dataset. Black dots indicate the regions where the averaged anomalies over the
period 1863-83 are significantly different from zero at the 5% level (from a ¢ test). The purple
line indicates the boundary between the regions of the SST field differentiated to perform the

sensitivity experiments.

along with the warm coastal SSTA farther north,
creates a strong thermal contrast around 10°N in the vi-
cinity of West Africa. In more remote basins, there are
remarkable negative SSTA in the central Pacific basin
and positive ones in the extratropics, the Maritime Con-
tinent, and the southern tropical Indian Ocean. This
SSTA pattern presents broad similarities with the one
associated with the twentieth-century shift of the Sahel
rainfall (Figs. 2e.f; i.e., interhemispheric contrast of At-
lantic SSTA, central Pacific cooling, and extratropical
North Pacific warming), suggesting that the decadal var-
iations of the Sahel precipitation may have occurred un-
der similar SST conditions.

To understand the mechanisms driving the rainfall
increase in the Sahel during the late nineteenth century,
we analyze the mean simulated atmospheric state over
the same period (Fig. 6). In the Pacific, two subtropical
cores of high surface pressure indicate anomalous anti-
cyclonic formations reminiscent of the Matsuno-Gill
response to the tropical SST cooling (Matsuno 1966; Gill
1980; Fig. 6a). Consistent with this pattern, the positive

velocity potential anomalies at the 200-hPa level show
anomalous convergence over the tropical Pacific, which
favors local subsidence. The negative velocity potential
anomalies suggest enhanced high-level divergence and
rising vertical motion over the Maritime Continent and
Central America. Such a pattern suggests a strengthen-
ing of the Walker circulation associated with the
anomalous tropical Pacific cooling (Gill 1980). How-
ever, this pattern does not significantly reach the region
of West Africa. On the other hand, there is a widespread
decrease of surface pressure over the warm North At-
lantic. These anomalies create an oblique pressure gra-
dient, from the negative ones in the northwest to the
positive ones in the southeast tropical North Atlantic,
which is statistically significant and consistent with the
SSTA pattern. Associated with this, there is anomalous
upward vertical wind at the 500-hPa level right over the
Sahel region and downward to the south, being most
significant over the tropical Atlantic (Fig. 6b). This in-
dicates an anomalous northward shift of the ITCZ co-
herent with the rainfall increase in the Sahel (Rowell et al.
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FIG. 6. The 1863-83 mean JAS seasonal anomalies with respect to the entire simulated period (1854-2000) of different variables. (a) The
surface pressure (hPa; color shading; black dots indicate statistical significance) and the velocity potential at the 200-hPa level (10° m?s™!;
contours; green contours where it is significant). (b) The omega vertical velocity at the 500-hPa level (10> Pam ™ '; color shading; black
dots indicate significance) and the horizontal moisture flux at 925 hPa (g kg ! m s~ !; vectors; plotted where the anomalies of any of the two
wind components are significant). (c) The vertical profile (averaged between 10°W and 10°E) of the specific humidity (g kg™ '; colors; gray
contours indicate significance), the zonal moisture flux (gkg ™' ms™'; red contours), and its vertical and latitudinal components (un-
realistic units; black streamlines). The significance of all the anomalies is calculated for a 5% level following a ¢ test applied to the average
over the period 1863-83. Purple lines in (c) indicate the latitudinal limits of the Sahel. All variables are obtained from the ensemble mean

of all the simulations.

1992; Knight et al. 2006). Near the surface (at the 925-hPa
level), there is an anomalous westerly moisture flux from
the tropical Atlantic inland between 5° and 10°N and
northeasterly over the Sahel land surface. These moisture
flux anomalies are primarily due to anomalous horizontal
winds (Pu and Cook 2010) rather than to changes in the
air humidity content (not shown).

The near-surface cross-equatorial monsoon flow
presents a strengthening as well as convergence slightly
south of 10°N, as shown in the vertical profile (Fig. 6¢).
In turn, the vertical moisture transport at medium and
low levels is reinforced south of the Sahel, with a max-
imum of anomalous humidity around 850hPa. The
anomalous winds carry part of this humidity upward to
midlevels (700-500 hPa) and toward the north, over the
Sahel. The weakening of the midlevel climatological
easterly winds, associated with the African easterly jet,
is also consistent with the midtroposphere moistening
above the Sahel (Cook 1999). To the north, there is low-
level moisture transport associated with wind anomalies
from the Atlantic between 15° and 20°N that penetrates
north of the Sahel. Such anomalous moisture inflow,
together with a weaker one coming from the Mediter-
ranean Sea, results in a large accumulation of low-level
humidity in the northernmost Sahel. The humid air, in

turn, rises, contributing to moistening even more the
midlevel air over the Sahel. The air rise is favored by
the strengthening of the intertropical discontinuity at
around 18°N, which climatologically produces dry con-
vection at the boundary between the Sahel and the Sa-
hara Desert (Hall and Peyrillé 2006). As a result of the
surface moisture inflow from the south and the north,
there is anomalous moisture convergence in the air
column over the Sahel, which is associated with en-
hanced precipitation (Pomposi et al. 2015). Above
600 hPa, there is an intensification of rising air between
10° and 20°N and a weakening between 5° and 10°N. This
means stronger deep convection over the Sahel associ-
ated with the already noted anomalous northward shift
of the ITCZ. The anomalous deep convection favors the
aforementioned convergence of shallow moisture to
midlevels above the Sahel, which, in turn, may contrib-
ute to further intensify deep convection. Therefore, the
combination of the anomalously abundant humidity
supply and enhanced deep convection explains the Sahel
rainfall enhancement. However, the anomalous north-
easterly low-level moisture flux over the Sahel, likely
associated with the aforementioned anomalous con-
vergence slightly south of 10°N, shows a humid flow out
of the region, suggesting a drying of the air in the
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FIG. 7. The 8-yr low-pass-filtered SPI (mm day ') of the ensemble-mean REF simulation
(dark blue) and the ATLVAR (orange) and INPVAR (green) sensitivity experiments. The
hatched blue line indicates the 1854-2000 climatological value of the REF simulation SPI.

southern half where, on the other hand, it rains more.
Summarizing, the reproduced late nineteenth-century
period of abundant Sahel precipitation is associated
with an anomalous enhanced humidity supply and
deep convection in the mid- and high troposphere re-
lated to wind anomalies, which could be induced by the
Atlantic SSTA.

This mechanism is comparable to the one inducing the
major decadal shift of the Sahel rainfall from the mid- to
late twentieth century (Fig. 2d). In both cases, the Sahel
rainfall anomalies are associated with a shift of the ITCZ
and anomalous low-level westerly moisture trans-
port between 15° and 20°N. However, there are some
differences, in particular regarding the moisture distri-
bution over West Africa. Associated with the twentieth-
century rainfall shift, the moisture transport contrast
between the Sahel and the Gulf of Guinea is more
pronounced than during the late nineteenth-century
rainy period, probably related to the stronger and bet-
ter defined interhemispheric gradient of SSTA in the
tropical Atlantic (Figs. 2f, 5b). Nevertheless, despite this
difference, the amounts of the simulated Sahel rain-
fall averaged over the late nineteenth century (1863-83)
and the mid-twentieth century (1945-63) are similar
(0.26 mm day ! above the climatology over 1854-2000).
Therefore, this result suggests that the late nineteenth-
century rainy period was produced in a similar way to
the mid-twentieth-century one.

d. The role of the Atlantic and Indo-Pacific

To evaluate the role of the Atlantic and Indo-Pacific
Oceans in driving the unprecedented Sahel rainy period
of the late nineteenth century, we analyze the two ad-
ditional SST-sensitivity experiments for the period
1854-1910, in which all the SST variability is left, re-
spectively, in the Atlantic (ATLVAR) or Indo-Pacific
(INPVAR) basins, while the remaining global oceanic
surface is fixed to the monthly climatology relative to
1854-1910. The other boundary conditions remain un-
changed with respect to the previous REF simulations.

Figure 7 highlights the role of the Atlantic SST in
driving the decadal Sahel precipitation variability along
1854-1910. The low-frequency SPI of the ATLVAR
experiment shows a late nineteenth-century rainy pe-
riod, in 1863-83, that is similar to the one of the REF
simulations, even with higher peak values. While, in
contrast, the INPVAR experiment simulates less pre-
cipitation. After 1883, ATLVAR and INPVAR exper-
iments, respectively, reproduce less and more Sahel
precipitation than the REF simulations.

Regarding the state of the atmosphere averaged over
1863-83, the ATLVAR experiment shows lower sur-
face pressure over the North Atlantic than the REF
simulations (Fig. 8a), which is associated with a wider
ITCZ shift that favors the Sahel rainfall (Knight et al.
2006; Martin and Thorncroft 2014). In addition, over
the Indian Ocean, the surface pressure is higher in
ATLVAR than in REF. Consistently, there is more
high-level convergence locally and more high-level di-
vergence over West Africa in the former than in the
latter, consistent with more Sahel rainfall in ATLVAR
than in REF. On the other hand, the resulting surface
pressure from the INPVAR experiment is high with
respect to REF simulations all over the Atlantic basin
and the surrounding continents, particularly over West
Africa, coinciding with high-level convergence (Fig. 8b).
The surface pressure is lower than in REF in the rest of
the globe, and there is more high-level divergence over
the central Pacific and the northern Indian Ocean.

Therefore, these results suggest that the SST vari-
ability of the Atlantic and Indo-Pacific basins have
contrary effects on the Sahel rainfall in the 1854-1910
period: whereas the Atlantic seems to drive changes in
the Sahel rainfall regime, shifting from dry to rainy in
1863 and back to dry in 1883, the role of the Indo-Pacific
SST is rather to attenuate these effects through local
subsidence anomalies.

A multilinear regression analysis (see details in
section 2d) reveals that the low-frequency SPI of the
ATLVAR experiment accounts for most (76 %) of the
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SPI variance of the REF simulations (Fig. 9a). This re-
sult evidences that the Atlantic SST variability itself is
responsible for the vast majority of the reproduced de-
cadal changes in the Sahel precipitation over the period
1854-1910. In addition, the compensation between the
variance explained by the INPVAR and the covariance
term suggests that the variability of the Atlantic and
Indo-Pacific SST is not completely decoupled.

In contrast, at interannual time scales, these two
components are notably decoupled (Fig. 9b). In this
case, the multilinear regression model shows that the
low-frequency SPI of the INPVAR experiment is the
component that accounts for more of the SPI variance
reproduced by REF (40%). This is consistent with the
important link between the interannual tropical Pacific
SST variability and the Sahel rainfall (Janicot et al. 1996,
1998, 2001; Mohino et al. 2011b). Instead, the Atlantic
SST influence on the low-frequency SPI variability
plays a secondary role.

To find out how representative the ASWI is of the
Sahel rainfall variability in relation to the SST, a similar

multilinear regression analysis is applied to the simu-
lated ASWI. The result suggests that the simulated
ASWI responds almost exclusively to the Atlantic SST
variability at all time scales (Figs. 9¢c,d). Furthermore,
the low-frequency ASWI (Fig. 10) and SPI simulated by
REF are strongly correlated (R = 0.89, highly signifi-
cant) along the entire simulated period. Such a tight
relationship at a decadal time scale between both indices
is in agreement with observations. Therefore, the ASWI
can be considered as a good indicator of the Sahel
rainfall variability (as hypothesized by GA15) as long as
the rainfall is modulated by the Atlantic SST, which
occurred at decadal time scales in the late nineteenth
century.

4. Discussion

a. Long-term linear trend of the ASWI

At a longer-than-decadal time scale, the ASWI
of GA15 presents a marked negative trend along the
1854-2000 period (Fig. 10), which suggests a centennial
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FIG. 9. Bar charts of the components (%) of the SPI total variance reproduced by REF at
(a) decadal (8-yr low-pass filtered) and (b) interannual time scales (8-yr high-pass filtered)
explained by the two indices of the sensitivity experiments using a multilinear regression
analysis. (c), (d) As in (a) and (b), respectively, but for the ASWI. The components corre-
spond to the indices of ATLVAR (orange), INPVAR (green), the covariance between both
(brown), and the residual of the multilinear regression fitting (gray).

drying trend of the Sahel. The ASWI from the LMDZ
simulations reproduces a negative linear trend as well.
Nevertheless, both indices disagree on the slope of
such a linear trend: 12.4 ASWI units (%) per century
(highly significant) for the ASWI of GA1S and 1.6
ASWTI units (%) per century (not significant) for the
LMDZ simulation. Such disagreement may be due to
an underestimation of the drying trend by the model.
This underestimation could be related to the model
sensitivity to the competing effects of global SST
warming and carbon dioxide concentration increase,
which dampen and favor the Sahel rainfall, re-
spectively (Gaetani et al. 2017). On the other hand,
the results from NI12 (their Fig. 10a) also disagree
with GAT1S5 on the strength of the nineteenth-century
wet period, suggesting that the results from the latter
could be overestimating the negative trend. Further
efforts in reconstructing and collecting data from this
early period are thus required in order to gain more

knowledge about the long-term trend of the Sahel
rainfall.

b. Possible leading role of the AMO

The results presented in this work show the important
role of the Atlantic in driving the long humid Sahel
period in the late nineteenth century. The low-
frequency variations of the Sahel rainfall have also
been associated with Atlantic SSTA varying at decadal
time scales by other works (e.g., Zhang and Delworth
2006; Knight et al. 2006; Ting et al. 2009, 2011; Martin
and Thorncroft 2014; Martin et al. 2014). More specifi-
cally, these studies show the relationship between the
Sahel rainfall variability and the AMO, whose associ-
ated pattern of SSTA has been identified as the domi-
nant driver of the Sahel precipitation variations at
decadal time scales compared to other basins (Mohino
et al. 2011a). The AMO pattern of SSTA is character-
ized by a warming throughout the northern half of the

21

-|/|\ A == ASWI| mpz
- 7\/\ A\ A . s —ASWig,1s
I NYANSYP S S \EE=EES
2—7// ) V W

Vv

AN S
A~

=1
-2

— N

1855 1865 1875 1885 1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995

F1G. 10. Low-frequency ASWIs, normalized with respect to their climatology over 1854—
2000, of the ensemble-mean LMDZ simulations (red) and GA15 (green). Hatched lines in-
dicate the linear trend of the ASWIs over 1854-2000. The slopes are —0.016 and —0.124
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FIG. 11. Standardized low-frequency SPI (blue) of the ensemble-mean LMDZ simulations
and AMO index (red) calculated from ERSST.v4 dataset. The light blue band highlights the

late nineteenth-century rainy period (1863-83).

Atlantic basin during its positive phase (Sutton and
Hodson 2005), similar to the mean SSTA of the late
nineteenth century (Fig. 5b). In Fig. 11, the standardized
low-frequency SPI from the simulations and the AMO
index calculated from the ERSST.v4 dataset are repre-
sented together. Both indices are strongly correlated along
the 1854-2000 period (R = 0.72, significant at a confidence
level of 97% ) and the periods of positive (negative) rainfall
anomalies in the Sahel roughly coincide with those of
positive (negative) AMO phases. Focusing on the late
nineteenth century, the wet period (1863-83) coincides
with a positive AMO phase of large amplitude. Consid-
ering all this, it is reasonable to believe that during the late
nineteenth century there was a connection between the
AMO mode of variability and the Atlantic SSTA re-
sponsible for the forcing of the Sahel humid period.

5. Conclusions

In this study, the ability of the LMDZ to simulate the
observed Sahel rainfall JAS climatology and low-frequency
variability is shown. The model underestimates by 23% the
observed precipitation over the Sahel and by one-third the
amplitude of its variations. Yet, it successfully reproduces
the atmospheric mechanisms driving the decadal shifts of
the Sahel rainfall observed during the twentieth century.

Our results show that a decadal period of abundant
Sahel precipitation in the late nineteenth century can be
reproduced by forcing an AGCM with observational
boundary conditions since 1854. This result presents
further evidence for the existence of such a rainy period.
For the first time, we add information about the mech-
anisms involved in this long sequence of rainy years. The
simulations show that, associated with a thermal gradient
in the North Atlantic produced by a contrast of the SSTA
near the coast of West Africa, there was a strong shift of
the ITCZ over the Sahel concomitant with abundant pre-
cipitation with respect to climatology. A similar mecha-
nism is simulated for the mid-twentieth-century decadal
shift of precipitation. Therefore, it can be suggested
that the late nineteenth-century decadal humid period

may have occurred under similar circumstances to
those driving the twentieth-century low-frequency
variability. A set of sensitivity experiments reveals that
the Atlantic SST led the Sahel rainfall variability at
decadal time scales throughout 1854-1910. The origin
of the late nineteenth-century rainy period may thus be
attributed to the decadal variability of the Atlantic
SST. More specifically, it could be related to the AMO.
This result is in agreement with other works addressing
the Sahel rainfall low-frequency variability during the
twentieth century in observations and general circula-
tion coupled models (e.g., Mohino et al. 2011a; Zhang
and Delworth 2006; Hoerling et al. 2006; Knight et al.
2006; Ting et al. 2009, 2011; Martin and Thorncroft
2014; Martin et al. 2014).

In spite of the above results, there are still some unan-
swered questions regarding Sahel rainfall. On the one
hand, our simulations show that this period was as rainy as
the mid-twentieth-century one. NI12 rather suggests that
there was moderate rainfall during the late nineteenth
century and GAL1S that the precipitation was even more
abundant than during the observed mid-twentieth century.
To clarify whether this discrepancy is significant, a thor-
ough evaluation of the uncertainty of the observational
indices presented in GA15 and NI12 associated with the
data and the methods used for their reconstruction should
be done. In turn, to accurately determine the precipitation
amounts during the late nineteenth century, a greater ef-
fort to reconstruct or collect reliable observational pre-
cipitation data from this period is required. On the other
hand, the trends during the 1854-2000 period of the ASWI
long time series of GA15 and our simulations do not agree,
which hinders our knowledge of the evolution of the
WAM strength at longer-than-decadal time scales with our
simulations and, by extension, the possible implications
on the future projections of Sahel rainfall (Biasutti and
Giannini 2006; Biasutti et al. 2008; Monerie et al. 2012;
Biasutti 2013; Vizy et al. 2013).
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