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Abstract

The West African Monsoon (WAM) is characterized by strong decadal and
multi-decadal variability and the impacts can be catastrophic for the local
populations. One of the factors put forward to explain this variability involves
the role of atmospheric dynamics, linked in particular to the Saharan Heat
Low (SHL). This article addresses this question by comparing the sets of
preindustrial control and historical simulation data from climate models car-
ried out in the framework of the CMIP5 project and observations data over
the 20" century. Through multivariate statistical analyses, it was established
that decadal modes of ocean variability and decadal variability of Saharan
atmospheric dynamics significantly influence decadal variability of monsoon
precipitation. These results also suggest the existence of external anthropogenic
forcing, which is superimposed on the decadal natural variability inducing an
intensification of the signal in the historical simulations compared to prein-
dustrial control simulations. We have also shown that decadal rainfall varia-
bility in the Sahel, once the influence of oceanic modes has been eliminated,
appears to be driven mainly by the activity of the Arabian Heat Low (AHL) in
the central Sahel, and by the structure of the meridional temperature gradient
over the inter-tropical Atlantic in the western Sahel.
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1. Introduction

West Africa is a region whose rainfall is governed by the WAM [1]. The econo-
mies of the countries in this region are essentially based on agriculture and are
therefore rainfall-dependent. So climate variations on various time scales have a
considerable impact on the populations of this region. A number of studies have
focused on variations on different spatiotemporal scales [1]-[6]. Most of them
indicate a significant influence of sea surface temperatures (SST) on WAM.
Others, however, show a role for the Saharan Heat Low (SHL) in response to the
strong radiative heating received at the Earth’s surface [7].

At the seasonal and intra-seasonal scales, the various studies carried out show
that a strengthening of the SHL is associated with positive temperature anoma-
lies in the lower layers, intensification of the monsoon flow, moisture advection
over the central Sahel, intensification of the East African Jet and intensification
of the vertical movements to the south of the ITCZ [4] [8] [9]. Ref. [8] through a
modeling study clearly shows that the increase in temperature in the low-pressure
area will increase its influence on the monsoon system through the strengthening
of the temperature gradient between the Gulf of Guinea and the Sahara. Also,
the interannual variability of the West African monsoon is strongly linked to
surface temperature anomalies in the North Atlantic Ocean [2] [10] [11]. On
decadal and multi-decadal scales, statistical analyses show that WAM variability
is associated with the warm and cold phases of the Atlantic Multi-Decadal Os-
cillation (AMO) [5] [11] [12] [13] [14] [15], the Pacific Ocean Interdecadal Os-
cillation (IPO) [5] [14]. Several other studies suggest that the warm/cool phases
of the AMO contribute to strengthening/weakening the Saharan thermal low
[12] [16] [17] [18] [19].

Furthermore, [20] shows that the pattern of Sahelian rainfall recovery, fol-
lowing the drought of the 1980s, testifies to the fundamental, but not exclusive,
role of SHL. Their work corroborates that of [21] on the role of greater heating
over the Sahara in the last 30 years on Sahelian rainfall recovery. Ref. [10], in
their work on the CMIP3 climate model ensemble, show that the intensification
of SHL is correlated with Sahelian zone rainfall on interannual and mul-
ti-decadal time scales. They confirm the results of [20] on the causal role of SHL
on Sahelian rainfall. Ref. [19] and [18] make an initial connection between the
intensification of SHL and the AMO, without however putting forward a clear
mechanism that could explain the link between the increase in North Atlantic
SSTs and the intensification of SHL. Ref. [17] proposes a mechanism associating

a cold phase in the SST of the extratropical North Atlantic Ocean and a reduc-
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tion in Sahelian rainfall. This mechanism is governed by advection of cold air
from Europe and North Africa amplified by a decrease in specific humidity, in-
ducing a reduction in the greenhouse effect linked to water vapor, a weakening
of the SST, and leading to a weakening of the WAM. Finally, [22] has addressed
the representation of SHL in 22 CMIP5 climate models. Their work shows that
SST variability cannot be the main cause of biases in the representation of SHL
in models and suggests that they are linked to local mechanisms that control the
evolution of SHL.

Although there are many studies concerning oceanic modes of decadal varia-
bility that may have an impact on West African rainfall, atmospheric processes
linked to SHL may also be expressed on decadal and multi-decadal scales and
have a potential impact on the decadal variability of these rains, and thus con-
stitute an additional dynamic factor to be considered. Recent work has addressed
the response of Sahelian rainfall to climate change [23]. In their work, the au-
thors divide the precipitation response into two types: a rapid response asso-
ciated with enhanced radiative forcing over the continent and the northern he-
misphere relative to the southern hemisphere, and a slow response due to global
changes in ocean circulation. They argue that rapid response outweighs slow re-
sponse, and suggest international coordination of emission reduction efforts to
mitigate rapid response. Consequently, understanding and assessing variations
in continental atmospheric forcing are becoming issues of major importance.
We therefore explore these issues in this study through the SHL, at decadal and
multi-decadal time scales, and examine its influences on the WAM using CMIP5

simulations.

2. Data and Methods
2.1. Study Area

This research work is carried out in West Africa, which covers a vast area
(3°N-25°N; 20°W-20°E), bounded to the south and west by the tropical Atlantic
Ocean, to the north by the Sahara Desert and to the east by Chad and Cameroon
(Figure 1). The West African region is characterized by a relatively flat relief
with an average altitude of less than 500 meters. The plains occupy mainly the
coastal edge and are drained by secondary rivers, with the exception of Senegal,
Volta and Niger. Inland, low plateaus dominate. West Africa also boasts six
mountain ranges with altitudes ranging from 1500 to 4000 meters: the Fouta
Djalon (1515 meters) in the west, the Plateau de Jos (1830 meters) in the cen-
ter-east, the Adamaoua massif (5000 meters) in the southeast and the Air massif
(2020 meters), the Hoggar massif (2920 meters) and the Tibesti massif (3450
meters) in the north. These last two massifs lie on the northern edge of the West
African region. The spatial development of these mountain ranges remains rela-
tively low. Vegetation cover in West Africa is organized into more or less ho-
mogeneous zonal bands. From these zonal bands, we can distinguish three major

land-use structures in West Africa: the forest zone located along the Guinean
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Figure 1. Topographical map of West Africa obtained from NOAA ETOPO 2022 topographic data (NOAA
National Centers for Environmental Information. 2022: ETOPO 2022 15 Arc-Second Global Relief Model.
NOAA National Centers for Environmental Information. https://doi.org/10.25921/fd45-gt74).

coast (<8°N), the arid zone located between 8°N and 13°N and the desert zone
located beyond 13°N. This zonal organization of the vegetation cover is mainly
controlled by the distribution of cumulative rainfall over the West African re-
gion. This region covers an area of over 6 million km? with a predominantly agri-
cultural population. Seasonal patterns are governed by the West African monsoon

system.

2.2.Data

2.2.1. Observations and Reanalysis Data

To analyze decadal rainfall variability in West Africa, we use version 3.21 of the
CRU (Climate Research Unit) rainfall data covering all continents except An-
tarctica. This is a good-quality monthly dataset with fine spatial resolution (0.5°
x 0.5°) and covers the period from 1901 to 2013 [24]. This version is an update
of version 3.10 of the CRU data (https://crudata.uea.ac.uk/cru/data/hrg/). This

database is used in a number of applications, including the evaluation of climate

models and comparison with satellite products.

To characterize the decadal oceanic mode of variability, we used version 1 of
the monthly Hadley Centre Sea Ice and Sea Surface Temperature data set (Ha-
dISST), available at https://www.metoffice.gov.uk/hadobs/hadisst/. This data
covers the period from 1871 to 2013 [25] and has a spatial resolution of 1° x 1°.

It is a dataset reconstructed using the RSOI (Reduced Space Optimal Interpola-
tion) mesh method. We used this ocean surface temperature dataset to calculate
the main decadal ocean variability modes corresponding to the global warming
trend, the AMO, the Pacific Inter-decadal Oscillation (IPO) and the Indian
Ocean Decadal Variability (IDV).

To obtain information on atmospheric circulation (in terms of structure and
mechanisms), reanalysis data are essential. Atmospheric reanalyses are simula-

tions of a numerical short-term weather forecasting model, based on assimilated
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satellite data and in situ observations. They are physically consistent due to the
use of a dynamic model, and more realistic than a pure simulation due to the use
of assimilated data, which limits the biases of the model used. For this work, we
use ERA-20CM data from the European Centre for Medium-Range Weather
Forecasts (ECMWF). ERA-20CM is a dataset built as part of the European
ERA-CLIM project

(https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets). It covers

the period from 1899 to 2010. This database has a horizontal spectral resolution
of T159 corresponding to approximately 125 km with 91 pressure levels ranging
from the surface to 1 hPa [26]. As with most of the European Center’s datasets,
ERA-20CM is based on ECMWPF’s IFS2 (Integrated Forecasting System) atmos-
pheric model (cycle Cy38rl1), which has been configured to receive HadISST da-
ta as input and forcings as recommended by CMIP5. The ERA-20CM base is de-
rived from AMIP-type experiments and was built according to the ten Ha-
dISST2.1 [27] SST and sea ice cover realizations prescribed by the Met Office
Hadley Center, whose variability is closer to that of the observation sources on
which it is based.

2.2.2. CMIP5 Dataset

For this work, we used monthly data from 29 climate models used in the CMIP5
project to analyze the variability of West African monsoons. Table 1 shows the 29
models used for simulation. Details of these models and the CMIP5 project expe-
riments are contained in [28]. Two types of simulations were used: pre-industrial
control simulations (piControl), which are simulations carried out over very
long periods where the concentration of greenhouse gases (GHGs), aerosols,
ozone and solar radiation have been fixed (constant) at their pre-industrial
(1850) levels, and historical simulations (historical) available over the period

1850 to 2005 and incorporating the evolution over time of external forcing data.

2.3. Methods

A set of statistical processing has been performed to analyze the decadal and
multi-decadal variability of continental atmospheric forcing over West Africa.
Before proceeding with the various calculations, we interpolated all datasets to a
regular 2° x 2° grid in order to facilitate the comparison of models with observa-

tions.

2.3.1. Definition of AMO, IPO and IDV Indexes

The decadal ocean modes (AMO, IPO and IDV) we analyze in this work are
well-known and described in several works as the main decadal and multi-decadal
variability modes [5] [29] [30] [31] [32]. Indeed, once the SST's anomalies had been
calculated, we used a 10%"-order Butterworth low-pass filter with a cut-off period of
10 years with processing conditions at the ends of the series [33] and eliminated
fluctuations linked to global warming by subtracting the linear trend. The do-

minant modes of variability were obtained from a Principal Component

DOI: 10.4236/acs.2024.141001

5 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2024.141001
https://www.ecmwf.int/en/forecasts/datasets/browse-reanalysis-datasets

A. M. L. Famien et al.

Table 1. List of CMIP5 models used for pre-industrial control simulations and historical simulations.

Modéles CMIP5

Grid (lat x lon)

Modeling center

ACCESS1-0
ACCESS1-3
bee-csml-1
bce-csml-1-m
BNU-ESM
CanESM2
CCSM4
CMCC-CESM
CMCC-CMS
CNRM-CM5

CNRM-CM5-2

CSIRO-MKk3-6-0
FGOALS-g2
FGOALS-s2

FIO-ESM
GISS-E2-H-CC
GISS-E2-R-CC
HadGEM2-CC

IPSL-CM5A-LR

IPSL-CM5A-MR

IPSL-CM5B-LR

MIROC5

MIROC-ESM

MIROC-ESM-CHEM

MPI-ESM-LR

MPI-ESM-MR

MPI-ESM-P

NorESMI1-M

NorESM1-ME

1.25° x 1.875°

1.25° x 1.875°

1.875° x 1.875°

1.875° x 1.875°

2.81° x 2.81°

2.790 x 2.812

1.9x 2.5

3.443 x 3.75

3.7111 x 3.75

14° x14°

14° x1.4°

1.875° x 1.875°

2.8"x2.8"

2.8"x2.8"

2.875 x 2.875

2x25

2x25

1.25° x 1.875°

1.9° x 3.75°

1.25° x 2.5°

1.9° x 3.75°

14° x14°

2.8125° x 2.8125°

2.8125° x 2.8125°

1.875° x 1.875°

1.875° x 1.875°

1.875% x 1.875°

1.875° x 2.5°

1.875° x 2.5°

Commonwealth Scientific and Industrial Research
Organization (CSIRO)-Bureau of Meteorology (BOM); Australia

Beijing Climate Center (BCC); China

Global Change and Earth System Science (GCESS); China
Canadian Centre for Climate Modelling and Analysis (CCCMA); Canada
Community Climate System Model version 4; Usa

Centro Euro-Mediterraneo per I Cambiamenti Climatici (CMCC); Italy

Centre National de Recherches Météorologiques-Centre Européen de
Recherche et de Formation Avancée en Calcul Scientifique
(CNRM-CERFACS); France

CSIRO-Queensland Climate Change Centre of Excellence (QCCE); Australia

Center for Earth System Science (CESS); China

First Institute of Oceanography Earth System Model; China

Nasa Goddard Institute for space studies; Usa

Met Office Hadley Centre (MOHC); United Kingdom

Institut Pierre-Simon Laplace (IPSL); France

Model for Interdisciplinary Research on Climate (MIROC); Japan

Max Planck Institute for Meteorology (MPI-M); Germany

Norwegian Climate Centre (NCC); Norway

Analysis (PCA) in which the first three modes were computed for each of the

ocean basins. Thus, the Principal Components (PCs) of the first dominant mod-

es of variability were used to characterize the AMO, IPO and IDV index.
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2.3.2. Definition of SHL and AHL Indexes

Many studies used method based on the low-level atmospheric thickness (LLAT)
to determine the location and the strength of the SHL ([4] [22] [34] [35]). To
characterize the SHL index, our study follows also the work of [4] which con-
cludes that the depression area evolves with the ITCZ displacement to reach a
stable position during the summer over the Sahara and stipulates that LLAT is
proportional to the average temperature between 925hPa and 700hPa layers.
Therefore, we choose for our analysis, a regional index that best characterizes the
Saharan Heat Low. Thus, the SHL index used in this work is obtained from the
geographical mean air temperature at 850 hPa over the 7°W-5"E; 20°N-30"N
domain.

We also focused on the East of SHL on the extension of the Arabian Heat
Low (AHL) over North Africa. In this area, the low-level cyclonic circulation
drives south-westerly air advection and can, depending on the amplitude of its
development, connect with the center of action identified at 15°E and contri-
bute to strengthening southwesterly monsoon winds and precipitation over the
central Sahel. Very few works have explored this point, the role of the DTS
being mostly put forward. Ref. [36] analyzed this circulation structure and
highlighted the strengthening of the AHL in summer and its impact in terms
of a vertical zonal circulation structure associating mean lift over Arabia and
mean subsidence over Libya. Therefore, after various tests, we choose, follow-
ing the example of the SHL, an index that we conveniently call AHL, by the
geographical average of the air temperature at 850 hPa over the domain
25°E-35"E; 18°N-30°N.

As with the oceanic decadal modes, the multi-decadal SHL and AHL signals
was obtained from air temperature anomalies calculated and filtered using a
10*-order Butterworth low-pass filter with a cut-off period of 10 years and
processing conditions at the ends of the series [33]. The influence of SHL and
AHL on the West African monsoon was explored using regression maps on pre-
cipitation, 2 meters temperature, wind fields, specific humidity and geopotential
height.

3. Results and Discussion

3.1. Influence of SHL on WAM at Decadal Scale in Control
Simulations

3.1.1. Response in Precipitation

Figure 2 shows the regression maps of precipitation anomalies filtered at decad-
al scales on the decadal SHL index for the 29 CMIP5 models and for observa-
tions (top left). On this figure, the 2 meters temperature regression fields on SHL
index have been superimposed in red contours. In the observations, the intensi-
fication of SHL induces an increase in temperature over the Saharan region and
an increase in precipitation over the central and eastern Sahel, with a decrease in
precipitation along the Guinean coast. The temperature response in the models

is relatively well reproduced but with different forms.
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Figure 2. Regression maps of decadal anomalies of precipitation (colors) and 2 meters air temperature (red contours) on

the SHL index for observational data, 29 CMIP5 models and the summer multi-model (JAS) in control simulations.
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In most of the models, the structure of the SHL is characterized by tempera-
ture maxima between 20°N and 30°N. By contrast, in terms of precipitation, the
inter-model dispersion is fairly wide. All models show a fairly weak response
compared with observations. The multi-model mean obtained from 29 models
shows a generalized decrease in precipitation over the entire West African re-
gion in response to an intensification of SHL. Over the ocean, the multi-model
shows a band of positive precipitation anomalies around 10°N, framed by negative
anomalies on either side. Most of the models show negative precipitation anomalies
over the continent in response to intensified SHL. These include bcc-csml-1,
BNU-ESM, CCSM4, CMCC-CESM, CNRM-CM5, CSIRO-MK3-6-0, IPSL-CM5B-
LR and MPI-ESM-LR. For four of these models (bcc-csml-1, CMCC-CESM,
CSIRO-Mk3-6-0 and IPSL-CM5B-LR), the simulated response shows a signifi-
cant decrease in precipitation over the Sahel, generally around 0.5 mm/day.
Some of them show positive rainfall anomalies but are localized a little further
south than observed. The CSIRO-Mk3-6-0 model, for example, reproduces an
increase in rainfall along the Guinean coast. This is also the case for the
MIROCS5 model, whose positive structure extends as far east as Cameroon. In
contrast, four models show positive precipitation structures: bcc-csml-1-m,
CanESM2, FIO-ESM and HadGEM2-CC reproduce positive precipitation ano-
malies over the eastern and central Sahel, as in the observations. Over the ocean,
a large number of models show South/North precipitation dipoles: ACCESSI-0,
ACCESS1-3, CanESM2, FIO-ESM, HadGEM2-CC and IPSL-CM5B-LR. Howev-
er, for the BNU-ESM and CSIRO-Mk3-6-0 models, this dipole is reversed. In
conclusion, the control simulations, viewed through the multi-model mean,
produce a relationship between Sahelian precipitation and SHL which is very

different, and even opposite to the relationship established in the observations.

3.1.2. Atmospheric Dynamics Associated

The same regressions were calculated from decadal geopotential height and wind
at 925 hPa, sea-level pressure anomalies (Figure 3), and specific humidity at 925
hPa (Figure 4), in order to understand the mechanisms that explain the precipi-
tation responses simulated in the models. The regression maps obtained show
similarities with the structures obtained from observational data but also show
clear differences between the models. In the observations, a warming of the SHL
results in a strengthening of the cyclonic low-pressure circulation over the Saha-
ra north of 20°N, associated with increases in geopotential and pressure to the
south, inducing a stronger meridional pressure gradient above 15°N, and
stronger monsoon winds in this same zone and weaker winds between 10°N and
the Guinean coast. This dynamic structure induces a strengthening of the meri-
dional precipitation gradient, as shown in Figure 2, and is associated with strong
humidification, with maximum values located between 10°N and 20°N (Figure
4). The multi-model mean shows, in response to an increase in temperatures of
the SHL, and differently from observations, a very clear undulatory structure,

with a cyclonic circulation, associated with negative geopotential and sea-level
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Figure 3. Same as Figure 2,
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Figure 4. Same as Figure 3, but for specific humidity at 925 hPa (colors), sea level pressure (contours) and wind fields at 925 hPa.
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pressure anomalies, centered on the meridian origin over the northern Sahara,
and anticyclonic circulations located on either side. Cyclonic circulation induces
a strengthening of south-westerly winds above 10°N and a divergence of winds
further south between 10°N and the Guinean coast, leading to a modest but
widespread drop in precipitation on the continent and a fall in specific humidity
north of 15°N, again in contradiction with observations. Furthermore, the eas-
terly component of winds over the tropical Atlantic is reinforced by anticyclonic
circulation (much less visible in observations), leading to a zone of convergence
and higher precipitation.

Most models show negative geopotential anomalies localized in the low-pressure
zone over the Sahara, with varying structures. Some models (bcc-csml-1-m,
BNU-ESM, FIO-ESM and NorESM1-M) show a fairly pronounced geopotential
structure over the Sahara. Others, however, show rather weak signals:
CSIRO-Mk3-6-0, GISS-E2-R-CC and IPSL-CM5B-LR. The CNRM-CMS5,
CNRM-CM5-2 and FGOALS-g2 models show areas of strong geopotentials on
either side of the low-pressure zone over Morocco. The sea-level pressure re-
gression fields superimposed on these maps are consistent with the geopotential
structures. It should be noted at this point that the signals simulated by the
models have higher absolute values than those from the reanalysis.

3.2. Influence of SHL and AHL on WAM Variability at
Decadal-Scale in Historical Simulations
3.2.1. Influence of SHL
Here we examine the different responses in the case of historical simulations
only on multi-model averages and in comparison, with control simulations and
observations. As a reminder, the response structures in the control simulations
showed a decrease in precipitation and drying north of 15°N, in contradiction
with the response structures in the observational data. Figure 5 shows regression
maps derived from multi-model of decadal anomalies of precipitation (a-c),
geopotential at 925 hPa (d-f) and specific humidity at 925 hPa (g-i) on the de-
cadal SHL index for control, historical and observational simulations. The same
types of structures were superimposed for 2-meter temperatures (contours in
figures a-c), sea level pressure (contours in figures d-i) and wind fields at 925
hPa (vectors).

The multi-model mean from the historical simulations is generally close to
control simulations for dynamics structures, and fairly close to observations for
precipitation and specific humidity variables. In terms of atmospheric dynamics,
the 2 meters temperature response and geopotential at 925 hPa of the historical
multi-model mean shows very similar structures to those of the control simula-
tions, with higher temperature values over the Sahara and a zone of low geopo-
tentials over the Sahara with stronger weights (Figure 5e) than control simula-
tions (Figure 5d) and observations (Figure 5f). The strengthening of the SHL is
also accompanied by a decrease in sea-level pressure and a strengthening of cyc-

lonic circulation, inducing stronger south-westerly winds on either side of 10°N.
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Figure 5. Regression maps on the decadal SHL index of decadal anomalies: (a-c) precipitation (colors) and 2 meters air tempera-

ture (red contours), (d-f) geopotential and wind fields at 925 hPa and sea-level pressure, (g-i) specific humidity and wind fields at

925 hPa, for observations and multi-model from pre-industrial control (MM-piControl) and historical (MM-historical) simula-

tions. The precipitation color scale is different for observations.

Over the Atlantic Ocean, the anticyclonic circulation reproduced in the control
simulations is also present, although a weaker intensity. In terms of humidity,
the responses in the two types of simulations show strong similarities but remain
different from those in the observational data. However, in the historical simula-
tions, the humidity response shows more restricted negative humidity anomalies
over the Sahara and much more extensive positive anomalies, which are closer to
the structure of the observations. Finally, this multi-model mean correlatively
presents a precipitation anomaly structure strongly similar to control simula-
tions, but with more pronounced positive anomalies (Figure 5b), over both the
continent and the tropical Atlantic Ocean. As in the control simulations, the
structure derived from the historical simulations is quite different from that of
the observations.

In Figure 6, we present the scatterplot of the mean of the regression coefficients
on the decadal SHL index, 2 meters temperature anomalies taken over the depres-
sion zone (7°W-5°E; 20°N-30°N), precipitation over the North Sahel (SAHEL_N:
18°W-10°E; 16°N-25°N) and humidity over the North Sahel (SAHEL_N:
18°W-10°E; 16°N-25°N) and the South Sahel (SAHEL_S: 18°W-10°E;
10°N-15°N). The choice of areas is based on the homogeneity criterion of the
regression structures analyzed above, for both control and historical simulations.
This figure clearly shows a high degree of dispersion in the models. For a
strengthening of the SHL, the majority of models show a decrease in rainfall
over the northern Sahel in the control simulations. In historical simulations, the
results are fairly mixed. More than half the models show a rainfall deficit, while

just under a third show the opposite situation.
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Figure 6. Scatterplots of regression coefficients on the SHL index of precipitation, specific humidity and 2 meters temperature
anomalies averaged over the North Sahel (SAHEL_N: 18°W-10°E; 16°N-25°N), the Southern Sahel (SAHEL_S: 18°W-10°E;
10°N-15°N) and over the SHL domain (SHL: 7°W-5°E; 20°N-30°N) for each model in control simulations (red markers) and his-
torical simulations (blue markers). The black dot represents the observations. The straight line represents the linear fit of these

points.

In terms of sensitivity distribution, the linear correlations between these two
variables are very weak. In terms of humidity in the northern Sahel, the situation
is equally mixed. In the control simulations, the drying out observed in the mul-
ti-model is driven by half of the models showing high values of negative mois-
ture anomalies (on average greater than +2.0 x 107 kg/kg per standard devia-
tion) during an increase in SHL, while the other half reproduce anomalies on
average equivalent to +0.5 x 10™* kg/kg per standard deviation. However, in the
historical simulations, a majority of models show positive moisture anomalies,
leading to an attenuation of the drying of this region in the multi-model.

Analysis of Figure 6¢ shows that the deepening of the depression is more
clearly associated with humidification of the Southern Sahel in most models for
both types of simulation, with a better inter-model correlation in terms of sensi-
tivity, particularly for historical simulations where a higher temperature anoma-
ly of the SHL is associated with greater humidification over the Southern Sahel
(the observation point being well inserted in this relationship).

Ref. [20] has suggested the existence of a positive feedback loop between tem-
perature and water vapor over the Sahara: the observed increase in SHL temper-
ature over the last 30 years has induced an intensification of water vapor con-
vergence in the lower layers of the SHL, which causes an intensification of noc-
turnal surface heating by the greenhouse effect of this water vapor, and then, in
turn, induces an increase in SHL temperature. In our results, this humidification

linked to a warming of the SHL is found in observations, very little in historical
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simulations and not at all in control simulations. It is correlatively associated
with higher precipitation in the observations and to a lesser extent in the histor-

ical simulations, but not in the control simulations.

3.2.2. Influence of Arabian Heat Low (AHL)

Figure 7 presents the regression fields on the AHL decadal index of decadal
anomalies for precipitation, 2 meters temperature, sea level pressure, geopoten-
tial, specific humidity and wind at 925 hPa. In the observations, the response
structures corresponding to an increase in temperature in the AHL show an in-
crease in precipitation over the Sahel, slightly stronger and more extensive than
for the SHL (Figure 5c). This time, multi-model averages from control and his-
torical simulations show strong similarities with observations. They reproduce
well-developed positive temperature anomalies over the Sahara east of 0°W
(stronger for the historical simulations), associated with positive precipitation
anomalies over West Africa with a stronger signal weight in the historical simu-
lations, and a clear meridional dipole structure, reflecting a northward ascent of
the ITCZ. These signals are globally reproduced in all models (not shown here).
Geopotential responses correspond to a broad zone of low geopotential and neg-
ative pressure anomalies over the Sahara, clearly reproduced in the control and
historical multi-model mean. This structure is stronger and more extensive than
for the SHL, and drives a strengthening of westerly winds between 10°N and
20°N that extends from the Atlantic to the eastern Sahel (in particular the
strengthening of the “low-level westerly jet” off Guinea analyzed by [37], and
whose decadal variability is strongly correlated with that of Sahelian precipita-
tion [38]. This also helps to understand the stronger signal of increased Sahelian
precipitation relative to the AHL compared to the SHL. Here again, the signal is

clearer in the historical simulation than in the control simulation, where westerly
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Figure 7. Same as Figure 5 but for AHL index.
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wind anomalies are limited over the continent. In terms of specific humidity, the
results are consistent, with a more pronounced humidity surplus in the AHL and
in the historical simulations. Finally, while these results are closer to the struc-
tures found in the observations, the fact remains that these structures in the ob-
servations have much stronger anomalies and a rather different spatial organiza-
tion, particularly over the Atlantic.

Figure 8 shows the scatterplot of regression coefficients for precipitation anoma-
lies, specific humidity on the AHL averaged over the Sahel (18°W-10°E; 10°N-
20°N), and 2 meters temperature anomalies averaged over the AHL domain
(25°E-35°E; 20°N-30°N) for each model (control simulations and historical si-
mulations) and for observations. For a strengthening of the DTA, the individual
models show a majority increase in Sahelian precipitation (Figure 8a), consis-
tent with the rise in humidity (Figure 8b) over the Sahel in both control and
historical simulations. Inter-model correlation in terms of rainfall or humidity
sensitivity to a variation in AHL is fairly good in the control simulations, but

very poor in the historical simulations.

3.3. Partials Regressions on the SHL and AHL Indexes

We analyzed the relationships between West African rainfall and the three ocea-
nic modes (AMO, IPO, and IDV) on decadal timescales, as well as the SHL and
AHL indexes in the observational data. Table 2 shows the intercorrelations be-

tween these indexes in summer over the period 1901-2005. The result confirms
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Figure 8. Scatterplots of regression coefficients for precipitation, specific humidity and 2 meters temperature anomalies averaged
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Table 2. Correlations over period from 1901-2005 between AMO, IPO, IDV, DTS and
DTA decadal-scale indices in summer for observation data.

AMO IPO IDV SHL AHL
AMO 1
IPO 0.06 1
IDV 0.05 0.44 1
SHL 0.69 0.54 0.24 1
AHL 0.85 0.09 0.01 0.69 1

on one hand, the non-correlation between AMO and the IPO and IDV modes,
and on the other hand the fact that IPO and IDV have a certain dependence
(correlation of +0.44). In this regard, we note the study by [39] showing the
breakdown of this interrelation from the 2000s onwards, as a possible impact of
global warming that is more noticeable on the Indian Ocean.

Continental atmospheric indices are correlated at +0.69 (50% shared va-
riance). The SHL shows a strong correlation with the AMO (50% shared va-
riance) and slightly weaker links with the IPO (30% variance) and negligible
with the IDV. AHL has even stronger statistical links with AMO (70% variance)
and negligible links with IPO and IDV. This analysis of correlations between
low-pressure indices and the three decadal oceanic modes shows a probable de-
pendence between SHL, AHL and AMO in observations. This suggests either a
common evolution forced by an external factor or a possible forcing of AMO on
the activity of SHL and AHL. Thus, [17] proposed a mechanism associating a
cold phase in extratropical North Atlantic Ocean temperatures and a decrease in
Sahelian rainfall via advections of cold air from Europe and North Africa ampli-
fied by a decrease in specific humidity inducing a reduction in the greenhouse
effect linked to water vapor, a weakening of SHL, and leading to a weakening of
the West African Monsoon.

In the following, in order to better distinguish the contribution of the depres-
sion indices from that of the AMO signal in the variability of WAM, we assume
a probable dependence between the SHL, AHL and AMO, and we decompose
the signal of each depression index into two signals (a signal due to the AMO
and the residual signal) whose regression structures on the depression indices
are analyzed below. Note that the results obtained by also eliminating the weight
of the other two decadal ocean modes, IPO and IDV, give similar results, so we

limit ourselves here to the elimination of the AMO signal.

3.3.1. Partial Regression on SHL Index

Intercorrelation scores between ocean modes also indicate intercorrelations with
SHL and AHL indexes for control and historical simulations. In control simula-
tions, correlations of SHL and AHL with AMO are very low, below 0.15 in abso-
lute value (rising for some models to 0.20), whereas in historical simulations,

correlations are higher, mostly between 0.2 and 0.4 in absolute value. In parallel,
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SHL-AHL intercorrelations are variable, below 0.5 in the control simulations,
and rising to 0.6 in the historical simulations, indicating a degree of mutual in-
dependence on a decadal scale.

To better understand the structural differences between simulations and ob-
servations, we compute the regression fields of the residual anomalies of preci-
pitation, 2 meters temperature, sea level pressure, geopotential, specific humidity
and wind fields at 925 hPa. The residual anomaly was obtained in several stages.
First, at each grid point, we calculated the regression of the original anomalies
on the AMO index. The regression coefficient obtained was then used to recon-
struct anomalies (theoretical anomalies) due to AMO.

Finally, the residual was obtained by subtracting the theoretical anomalies ob-
tained from the original anomalies. The regression structures of these residual
anomalies on the residual SHL index are shown in Figure 9. Consistent with the
low intercorrelations with the AMO, the responses obtained in the control mul-
ti-model simulation are similar to those obtained without subtraction of the
AMO signal (see Figure 5). For the historical multi-model simulation, the
structures are similar, but the overall amplitude of the signals is weakened. In
particular, there is a weaker warm anomaly in the SHL domain, associated with a
reduction in cyclonic circulation and an intensification of high geopotentials
over the Atlantic Ocean, and a decrease in precipitation levels over both the con-
tinent and the tropical Atlantic Ocean, associated with a reduction in specific
humidity values. However, the changes are much more marked in the observa-
tions, in line with the strong inter-correlations with AMO, particularly with a

reversal in the sign of precipitation anomalies and a significant deficit in specific
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Figure 9. Regression maps on the decadal SHL index of decadal anomalies: (a-c) precipitation (colors) and 2 meters air tempera-
ture (red contours), (d-f) geopotential and wind fields at 925 hPa and sea level pressure, (g-i) specific humidity and wind fields at
925 hPa, after subtraction of AMO, for observations and multi-model averages from each of the simulations analyzed (control and
historical simulations).
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trol and historical simulations).

humidity along the Sahelian strip. The circulation structure is also very similar
to the simulations, particularly over the Atlantic Ocean. This reconciliation be-
tween the residual fields derived from observation and the control simulation,
which is the reference in terms of internal climate variability, confirms the strong
impact of AMO in the classic calculations of links between SHL and WAM pub-
lished in the literature, and shows, once this influence has been eliminated, a loss
of correlation or even anti-correlation between SHL activity and Sahelian preci-
pitation.

Examination of the contribution of SHL signal due to AMO (Figure 10) shows
the classic signal of an excess of precipitation and specific humidity over West
Africa in both simulations, in agreement with observations, with, again, a
stronger signal in the historical simulations than in the control simulations. This
corresponds to a northward shift of the ITCZ visible over both the continent and
the tropical Atlantic Ocean. This impact is also reflected in a sharp rise in tem-
perature and associated cyclonic circulation over the Sahara.

This intensification is also accompanied by the AMO’s direct oceanic foot-
print, which translates into a strengthening of the south-westerly winds that turn
eastward off Senegal via the low-level westerly jet [37] and joins the westerly
wind anomalies driven by the strengthening of SHL. Thus, in line with the study
by [17], a positive phase of AMO induces a rise in temperatures over the Sahara
and a deepening of SHL leading to a strengthening of rainfall in the Sahel. In
conclusion, the direct relationship between SHL and Sahelian rainfall that is de-
scribed in the multi-model control simulation is in fact largely dominated by the

“external” influence of AMO over the historical period of observations. Similar
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diagrams to Figure 6 have been produced, but are not shown due to their similar

results.

3.3.2. Partial Regression on AHL Index

We produced similar analysis for the AHL index. The results are shown in Fig-
ure 11. As with SHL, the regression fields for the multi-model mean of the con-
trol simulations are very similar to those obtained without subtracting the effect
of AMO. In the historical simulations, the signals are somewhat attenuated, but
the positive regression between AHL intensity and West African rainfall is still
high. These residual regression fields are very weak over the tropical Atlantic,
and the impact of AHL on the cyclonic circulation that disappears over the
ocean is moderately weakened over the continent. In the observations, on the
other hand, the signals are extremely reduced by the removal of the AMO effect,
with regression points now close to zero, consistent with the high correlation
between AHL and AMO (+0.85). Analysis of the contribution of SHL signal due
to AMO (not shown) shows structures similar to those obtained in Figure 10.
Thus, the impact of AMO on the decadal variability of AHL and its relationship
with WAM is even more marked than for SHL. Similar diagrams to Figure 8

have been produced, but are not shown due to their similar results.

3.4. Partial Regression on the Sahelian Precipitation Index

To investigate the links between the Saharan heat low and Sahelian precipitation
at the decadal scale, we are developing a similar analysis, but using precipitation
index and studying the associated regression fields, with and without the influence
of oceanic modes. Highlighting the major role of AHL in Sahelian rainfall dynam-
ics, and comparing it with that of SHL, has also led us to discriminate Sahelian
rainfall into two indices, “WEST SAHEL” (10°N-20°N; 20°W-10°W) and
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Figure 11. Same as Figure 9 but for AHL index.
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“EAST SAHEL” (10°N-20°N; 0°-20°E). This regionalization also link with sever-
al studies highlighting a relative difference in trends between these two zones, in
particular over the recent period of partial rainfall recovery from the 1990s on-
wards. [40] have shown that this recovery is particularly marked in central Sahel,
while rainfall shows little change in Senegal zone, inducing, once the general
trend over Sahel is eliminated, the emergence of a West/East dipole of precipita-
tion, reminiscent of the RCP8.5 projections [41].

Figure 12 shows the regression maps of 2-meter temperature anomalies and
sea level pressure on the standardized precipitation index from three zones
(SAHEL, EAST SAHEL and WEST SAHEL). In observations, whatever the pre-
cipitation index, the results show a strong structure of positive regression of 2
meters temperatures over the whole of North Africa and the Mediterranean,
spilling over the tropical Atlantic Ocean, and globally negative regressions over
the whole of the Sahelian strip, indicating higher precipitation. Higher tempera-
tures are associated with zones of lower pressure extending over Saharan zone
and tropical Atlantic Ocean. As a result, south-easterly wind anomalies over At-
lantic Ocean turn westerly over Sahelian region.

The structures are very similar when we consider the precipitation indices
over EAST SAHEL and WEST SAHEL, with a slight shift in longitude of the cold
anomalies over Sahelian strip.

In the simulations, the regression fields of control and historical multi-model
are similar to each other, with, as is often the case, slightly stronger weights in
the historical simulation, which nevertheless remains rather far from observa-
tions in terms of temperatures above 20°N. In these simulations, the impact of

Sahelian precipitation on temperatures is clear, as is the difference between the
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Figure 12. Regression maps of decadal 2 meters air temperature anomalies (colors) and sea level pressure anomalies (green con-
tours) on the decadal precipitation index from 3 zones (SAHEL, EAST SAHEL and WEST SAHEL) for observations and
multi-model from 29 CMIP5 models in summer.
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index calculated for the western and eastern Sahel. The atmospheric circulation
structure is characterized by a strengthening of monsoonal flows, driven on the
one hand by a more pronounced cyclonic and low-pressure circulation over the
AHL location associated with higher temperatures over Egypt and the eastern
Mediterranean, and on the other by another cyclonic and low-pressure circula-
tion over the northern tropical Atlantic at 20°N associated with a meridional
temperature gradient, inducing an overall northward rise in ITCZ (see Figure
12). The decomposition of Sahelian index into East/West components shows
similar structures, with an intensification (weakening) of AHL signal and a wea-
kening (intensification) of the signal over the tropical Atlantic for the East
(West) component. In terms of wind, the regression fields show westerly wind
anomalies over both the tropical Atlantic and the continent for East Sahel com-
ponent, and an intensification of southerly winds over the tropical Atlantic and
the continent West of the prime meridian for West Sahel component. Consistent
with our previous results, there were no anomaly signals at the SHL location.

We then subtracted the AMO signal contribution as in previous sections to
analyze the regressions from the residual anomalies. The results are shown in
Figure 13. In the multi-model average of control simulations, the circulation
structures are identical, with a minor weakening. In the multi-model average of
the historical simulations, the circulation patterns are also preserved, although
with a more pronounced weakening. In the context of the model’s internal de-
cadal variability, this once again highlights the independence between oceanic
variability modes (in particular AMO) and atmospheric dynamics over the
North African continent. Similarly, this independence is less clear-cut in histor-
ical simulations, closer to observations, where atmospheric structures, in particular
piCo
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Figure 13. Regression maps of decadal 2 meters air temperature anomalies (colors) and sea level pressure anomalies (green con-
tours) on the decadal precipitation index from 3 zones (SAHEL, EAST SAHEL and WEST SAHEL) for observations, 29 CMIP5
models and the multi-model in summer after subtraction of AMO.
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the signal of positive temperature anomalies over North Africa, are strongly
modified, confirming the very strong imprint of AMO on the specific relation-
ships between Sahelian precipitation and atmospheric dynamics, linked in par-
ticular to AHL via temperature forcing.

Figure 14 shows the same results for the control multi-model average, the
reference for internal climate variability, over a wider geographical dimension,
while Figure 15 shows the associated results for the precipitation fields. Total
regression fields are shown, as well as residual regressions once the influence of
AMO has been removed, and then the influence of the three modes (AMO, IPO
and IDV) has been removed. Thus, decadal rainfall variability in the Sahel,
which appears strongly constrained by AMO in the historical period of observa-
tions, is driven mainly in its natural decadal variability, for “East Sahel” zone, by
the DTA as well as by an extension of cyclonic circulation over the tropical At-
lantic. For “West Sahel” zone, this decadal variability is driven by a meridional
dipole structure of sea surface temperature over tropical Atlantic Ocean. In rela-
tion to these two rainfall indices, it is worth noting the presence of a meridional
precipitation dipole signaling a northward shift of the ITCZ over West Africa
and the tropical Atlantic Ocean, with a longitude shift relative to the positioning
of these two indices. The extension of the cyclonic circulation over the tropical

Atlantic for the “East Sahel” index is reduced quite significantly when the impact

308 T ———r nav A ;

180 150W 120W 90W 60W 30W 0

180 150W 120W 90W 60W 30W 0

noRes-noRes SO-piC noRes-noRes
= b 03 60N oS SORS ! g 4 ; 0.3
Ly ™| = L =2
) 0.16 2= 0.16
0.08 30N 1=y 0.08
0 0
-0.08 0 -0.08
-0.16 0.16
03 308 . ; v 03
180 150W 120W 90W 60W 30W 0
resAMO-resAMO
03 i 03
0.16 0.16
0.08 0.08
0 0
-0.08 -0.08
-0.16 0.16
; ; 03 308 . ; ; 03
30E 60— >)E 180 150W 120W 90W 60W 30W E
resAll-resAll SO-piC resAll-resAll
SR 03  BON 7= R 0.3
& : 0.16 e IS 0.16
vz 008 30N - 0.08
- 0 . 0
R -0.08 . -0.08
ER R -0.16 OO C302 = SRR 0.16
J “'v vl _0.3 308 ---------------- _0.3
30E 60 —)E 180 150W 120W 90W 60W 30W 0

Figure 14. Regression maps of decadal 2 meters air temperature anomalies (colors) and sea level pressure anomalies (green con-
tours) on the decadal precipitation index derived from EAST SAHEL (ES) and WEST SAHEL (WS) for observations and
multi-model averaging in summer, without deducting (noRes) oceanic modes (a and d), after deducting (resAMO) AMO (b and
e), and after deducting the three (resAll) oceanic modes (c and f).
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Figure 15. Same as Figure 14 but for precipitations.

of IPO and IDV is statistically eliminated (but not totally). This may be a nu-
merical artefact, but it may also be a direct effect of IPO. The multi-model
showing the impact of IPO on low-level circulation over tropical Atlantic indi-
cates, for a negative phase, a strengthening of this cyclonic extension. AHL thus
appears to be a specific factor in decadal rainfall variability over East Sahel zone.
However, the footprint of the cyclonic circulation centered on Morocco with a
longitude extension over tropical Atlantic is still present, possibly associated
with the trace of the inter-hemispheric temperature gradient over tropical Atlan-
tic, which is present even after elimination of AMO footprint. When we switch
to the “West Sahel” index, we observe, consistent with this westward shift, a
stronger imprint of this inter-hemispheric temperature gradient over the in-
ter-tropical Atlantic, of the associated low-pressure zone over tropical North At-
lantic, of the southern component of monsoon winds and of the rainfall dipole
over the ocean, and conversely a weaker signal from the cyclonic circulation
linked to AHL. These signals over the tropical Atlantic remain strong, even after

eliminating the influence of the three oceanic modes.

4. Conclusion

The aim of this study was, on one hand, to analyze decadal and multi-decadal
variability of the AMO and, on the other, to assess its influence on the West
African Monsoon. At the decadal scale of variability, the analysis show that, over
historical period of observations, the AMO has a very strong impact on both Sa-

helian precipitation and Saharan temperatures and low pressures. Furthermore,
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it has been shown that a positive AMO phase induces a rise in temperatures over
Sahara and a deepening of SHL and AHL, leading to increased rainfall over Sa-
hel. This results in an overestimated positive correlation between SHL and Sahe-
lian precipitation, which does not reflect the reality of the associated atmospher-
ic dynamics, showing no significant relationship and contradicting many of the
results published in the scientific literature. Furthermore, the highlighting of the
major role of AHL, whose strengthening favors the transport of moisture flux
into the interior of the continent and an excess of precipitation over the entire
Sahelian zone, is a new result that emerges from control simulations (reference
for the assessment of internal atmospheric variability) and historical simulations,
even after eliminating the influence of AMO. This therefore prompts caution in
interpretations of decadal-scale relationships between Saharan low-pressure dy-
namics and AMO. Finally, decadal rainfall variability in the Sahel, once the in-
fluence of AMO (and also of the other two modes IPO and IDV) has been elim-
inated, appears to be driven mainly, for the “East Sahel” zone, by AHL activity,
and for the “West Sahel” zone, by the meridional sea surface temperature dipole

structure over the tropical Atlantic Ocean.
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