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Abstract

West Africa (WA), particularly the Sahel region, has experienced a long-term drought
during the last three decades of the 20th century. This episode has had dramatic con-
sequences on economical and societal needs of a population that mainly substains on
rain-fed agriculture. State of the art global climate models (GCMs) poorly simulate the
West-African climate and the long Sahel drought.

In this regard, this thesis aims to improve the understanding of the WA climate, through
an analysis of precipitation variability at the interannual to decadal time scale.

The ability of one of the state-of-the-art sophisticated GCMs (the Centro Euro-Mediterraneo
sui cambiamenti climatici - CMCC) was tested to reproduce the main features of the West
African Monsoon (WAM) system. A set of experiments was performed to understand the
role of sea surface temperatures (SSTs), which have long been proposed as the main
drivers of interannual variability, and anthropogenic sulfate aerosol (ASA) loadings, that
only very recently have been suggested as possible players for decadal variability. To this
aim, the GCM was run in fully coupled mode as well as in AMIP mode, in which SST's
are prescribed. Besides, experiments with varying and climatological aerosols were carried
out.

In agreement with the well documented results, the atmospheric model used in this work,
forced at the bottom boundaries with prescribed observed SSTs and Sea ice, is able to
reproduce the long-term drought that governed the Sahel region during 1970s-1980s. In-
terestingly, CMCC model, set in the coupled atmosphere-ocean configuration, is also able
to reproduce the low frequency variability for Sahel precipitation even when it does not
run with observed SSTs, thanks to the forcing imparted by varying aerosols. Further-
more, the performance of AMIPlike run makes this work unique as the model’s skills are
revealed to be improved when it is used in uncoupled mode, strengthening the importance
of the common AMIP run.

Two main physical mechanisms are proposed to explain the role that SSTs and ASAs
have played in shaping the past Sahel drought:

1. Warmer-than-average low-latitude SSTs around Africa favors deep convection over
the ocean and an anomalous heating spread through an unstable atmosphere is
established. The higher-level warm temperature anomalies then extend over Africa
where subsidence occurs and engenders widespread drought over Sahel;

2. Higher loadings of past historical ASAs in the northern hemisphere than in the
southern, has induced, via their direct and indirect effects, a hemispheric asymmetry
of SSTs which has affected the Atlantic multidecadal oscillation (AMO), and in turn,
has affected tropical rainfall, especially rainfall over West Africa.



We suggest that the strong relationship of the Low Frequency variability of the Sahel
rainfall, to ASAs radiative forcing as revealed in this work, should be considered as an
important element for future global warming debate.

Keywords: West African Climate. Decadal Variability . Interannual Variability . Sea
Surface Temperatures . Anthropogenic Sulfate Aerosols. AMIP simulations . Coupled
Models . GCMs . Model performance .



Sommario

L’Africa Occidentale, e in particolare la regione del Sahel, ha vissuto un grave periodo
di siccita nel corso degli ultimi tre decenni del ventesimo secolo. Questo ha avuto dram-
matiche conseguenze sulle esigenze economiche e sociali di una popolazione che trova
sostentamento dall’agricoltura. Gli attuali modelli climatici globali (GCM) hanno ancora
difficolta a simulare il clima della regione.

A questo proposito, questa tesi mira a migliorare la comprensione del clima africano,
attraverso ’analisi della variabilita interannuale e decennale scala delle precipitazioni.

L’abilita di un sofisticato GCM (il modello del Centro Euro-Mediterraneo sui cambia-
menti climatici - CMCC) ¢ stata testata per riprodurre le caratteristiche principali del
monsone africano (WAM). E stata realizzata una serie di esperimenti per capire il ruolo
delle temperature superficiali oceaniche (SST), a lungo proposte come fattore principale
di variabilita interannuale, e delle emissioni di aerosol di origine antropica solfato (ASA),
che solo di recente si sono scoperti avere un ruolo nella variabilita decadale. A tale scopo,
il GCM e stato utilizzato sia in modo accoppiato, in modalita AMIP, ossia con SST vari-
abili e climatologici.

Il modello forzato da SST osservate ¢ in grado di riprodurre la siccita a lungo termine
che ha flagellato la regione del Sahel durante 1970s-1980s. E interessante notare che il
CMCC-GCM, nella configuration atmosfera-oceano accoppiato, € anche in grado di ri-
produrre la variabilita delle precipitazioni a bassa frequenza anche senza SST osservate,
grazie al forzante impartito dagli aerosol.

Questa tesi propone due meccanismi fisici per spiegare il ruolo che le SST e gli ASA
hanno giocato nella recente siccita del Sahel:

1. SST piu calde della media nelle zone equatoriale intorno all’Africa favoriscono con-
vezione profonda sul mare, con le anomalie di temperatura che si estendono sull’Africa,
dove si verifica subsidenza generando siccita diffusa nel Sahel;

2. Gli alti livelli di ASA nell’emisfero nord hanno indotto, attraverso effetti diretti e
indiretti, un’asimmetria emisferica di SST che ha colpito I’Oscillazione Atlantica
Multidecadale (AMO), che, a sua volta, ha influenzato le precipitazioni tropicale, in
particolare sull’Africa occidentale.

Il forte legame della variabilita a bassa frequenza delle precipitazioni Sahel con il forzante
radiativo degli ASA, dovrebbe essere considerato un elemento importante per il futuro
dibattito sul riscaldamento globale.
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Chapter 1

Introduction

1.1 Background: The West Africa Climate

West Africa (WA) has been identified as one of the world hot spot regions for climate
change ( [73] Solomon 2007; [39] Koster et al.2004): a region significantly under threat
from humans due to climate change.

The climate of the region is dominated by the so-called large-scale monsoon circulation,
which is of a major social importance to local populations whose economy primarily relies
on rainfed agriculture. As in all monsoon systems, the circulation is forced and maintained
by thermodynamic contrasts between the land (i.e, the Sahara) and the ocean (i.e, equat-
orial Atlantic). As shown in Figure 1.1, Rainfall is associated with a band of prevelantly
convective precipitation called the Intertropical Convergence Zone or ITCZ, traversing
twice the equatorial regions during the year. During summer, the I'TCZ is marked by the
convergence, at the lower levels of the atmosphere, of the dry north-easterly Harmattan
winds originating from the Sahara and the southwest monsoon flow that brings moist air
from the Atlantic ocean into land ( [31] Hourdin et al.2010).

The main tropical circulation features associated with the West African monsoon (WAM)
(Figure 1.1 and Figure 1.2) are the upper-level Tropical Easterly Jet (TEJ), the mid-
level African Easterly Jet (AEJ) and low-level equatorial westerlies associated with the
southwest monsoon flow. The TEJ develops as a response to the intense north-south
temperature gradient between the Himalaya plateau and the Indian ocean. Its core lies
in the Asian sector at around 200 mb and appears to play a role in the development
of the rainbelt over West Africa ( [53] Nicholson 2013; [54] Nicholson et al.2001). The
AEJ, a mid-tropospheric core of strong zonal winds (600-700 mb) is thermally induced
by the contrast between the hot Sahara and the Atlantic ocean and maintained by the
juxtaposition of moist convection to the South and dry convection to the North ( [53]
Nicholson 2013). The disturbances around this zonal circulation, the so-called African
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Figure 1.1: Mean Meridional Circulation (stream lines) and associated mean Zonal winds

(m/s in contours) over West Africa during the summer season [from Hourdin et al.

(2010)].
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Easterly Waves (AEWSs) have been identified to be the key driver of convection and rain-
fall patterns ( [22] Diedhiou et al.1998).

During the last century, the climate of WA has experienced a strong rainfall variab-

Figure 1.2: Three-dimensional schematic view of the WAM. FIT stands for ITD, inter-
tropical discontinuity; Air chaud Saharien for warm Saherian Air, JET for TEJ, tropical
easterly jet; STJ, subtropical westerly jet; JEA for AEJ, African easterly jet. The os-
cillation of the AEJ yellow tube figures an African easterly wave [from [{1], Lafore et
al.2010].

ility. Specifically, the Sahel, the semi-arid transition zone between the Sahara desert and
the humid tropical rainforest, has been characterized by a pronounced multi-decadal rain-
fall trend contrasting a wet (1950s-1960s) and a dry (1970s-1980s) period followed by a
partial recovery over the last decade of the twentieth century ( [27] Giannini etal.2003).

The efforts of the scientific communities to explain the rainfall variability over WA pro-
gressed along two main directions:

1. The first point of view emphasizes feedbacks between land surface properties (soil
moisture, vegetation and albedo) and atmospheric circulation ( [57] Otterman 1974,
[12] Charney 1975 and [13] Charney et al.1977). The so-called Charney’s hypothesis,
which highlights the vegetation cover effects, states that an increase in surface al-
bedo due to human-induced change in vegetation cover could cause a decrease in
precipitation that in turn, would lead to a decrease in vegetation cover and thus
to a further enhancement of the albedo. Very recently, [39] Koster et al.2004, has
identified the Sahel region to be one of the world regions with the strongest coupling
between soil moisture and precipitation.



4 CHAPTER 1. INTRODUCTION

2. The second point of view emphasizes the alternative hypothesis of the role of global
tropical sea surface temperatures (SSTs) conditions upon the twentieth century
rainfall variability over the Sahel, ( [42] Lamb 1978a, [43] Lamb et al.1978b, [25]
Folland et al.1986, [59] Palmer 1986, [64] Rowell et al.1995, [34] Janicot et al.1996
and [26] Fontaine et al.1998). This alternative mechanism has been recently con-
firmed in atmospheric global circulation models (GCMs) which are able to reproduce
the spatio-temporal variability of observed Sahel rainfall when only forced by ob-
served SST time evolution ( [27] Giannini et al.2003, [9] Caminade and Terray 2010).
The decrease of the historical Sahel rainfall has been related to an interhemispheric
pattern of global SST anomalies with warmer temperatures in the northern hemi-
sphere and cooler in the south. The arguments for this mechanism are related to the
concept of thermodynamic contrast between land and ocean ( [18] Chou et al.2001),
as well as the classical description of the zonally symmetric or Hadley circulation
( [45] Lindzen et al.1988) whose concepts are related to equatorial wave dynamics
( [48] Matsuno 1966, [29] Gill 1980).

To further investigate the impact of SSTs on west Africa rainfall, few authors have focused
on the impact of different ocean basins on the West African rainfall. Positive Mediter-
ranean SST anomalies have been related to positive Sahel rainfall anomalies through an
increase of evaporation and southward moisture advection ( [62] Rodriguez-Fonseca et
al.2010). The role of tropical Atlantic SSTs has been highlighted by works by [80] Ward
et al.1998, pointing out an anomalous West African dipole rainfall response while [27]
Giannini et al.2003, [28] Giannini et al.2005; [71] Rowell 2003, [35] Janicot et al.2001, [34]
Janicot et al.1996, [80] Ward et al.1998, related a decrease of rainfall over Sahel to the
tropical Pacific during strong positive El Nino Southern Oscillation (ENSO) phase years.

Additionnally to the above studies, few works have highlighted the role of anthropo-
genic sulfate aerosols, ASAs, which indeed seem to be of great importance in shaping the
climate of WA. In fact, [10] Chang et al.2011 have found that, there was a pronounced
secular trend in the tropical Atlantic interhemispheric SSTs gradient over the twentieth
century, with the tropical South Atlantic warming faster than the tropical North Atlantic
due to the increase of ASA loadings recorded in the northern hemisphere over Europe
and America until early 1970s-1980s ( [72] Smith et al.2001). This change in the tropical
Atlantic circulation may have in turn altered rainfall climate over the tropical Atlantic
sector including drought over WA.

In the framework of the African Monsoon Multidisciplinary Analyses (AMMA) pro-
ject, [31] Hourdin et al.2010, it has been of agreement that among the discrepancies
between current climate models in representating the cumulative rainfall over the Sahel,
the parametrized convection plays a major role in reproducing for instance the right loc-
ation of the AEJ which affects rainfall intensity (a larger rainfall over Sahel is generally
associated with an AEJ location father north). They showed that both the ascent of the
mean meridional circulation (MMC) in the region of the ITCZ penetrates much higher in
the Emmanuel scheme case ( [23] Emmanuel 1993) compared to the ( [75] Tiedtke 1989)
scheme. The AEJ was well represented in the Emmanuel case than the Tiedtke case as
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well.

Before applying a GCM to climate variability or climate change studies for a given region,
the accuracy /performance of the model to successfully reproduce the observed main fea-
tures, characteristics of the climate of the region should be assessed, in order to establish
its strengths and weaknesses. This can be best achieved, in the case of Sahel region, using
observed dataset as boundary conditions as suggested in the Atmospheric Model Inter-
comparison Project (AMIP), which methodology consists to carry out simulations with
the atmospheric part of the GCM forced at lower boundaries by observed SSTs and Sea
ice. At the state of the art, atmospheric models only when forced with observed SST's, as
reported in the last IPCC report ( [73] Solomon et al.2007) are able to well reproduce the
main African climate features. Coupled atmosphere-ocean models ( [21] Cook et al.2006)
poorly simulate the West-African climate, [31] Hourdin et al.2010). Nevertheless, most
of them tend to capture the mean seasonal migration of rainfall over the area and its
intraseasonal variability associated with the mean horizontal wind.

1.2 Objectives of the thesis

This work includes two main objectives which aim to improve the understanding of the
WA climate:

1. The first objective is to disentangle the sources of WA rainfall variability at inter-
annual and decadal time scales. Particular attention is given to the role of SSTs
and Anthropogenic Sulfate Aerosols (ASAs) on Sahel rainfall variations in terms of
physical mechanisms, including recognizing the possible role of ASAs by influencing
the key SST patterns that subsequently drive Sahel variations.

2. The second one investigates the main features of WAM climatology and variability
as reproduced by one of the state-of-the-art sophisticated GCM. This is reached
carrying out different model experiments in coupled and uncoupled configurations
representing the past historical simulations performed within the CMIP5 (Coupled
Model Intercomparison Project, Phase 5) project.

1.3 Structure of the thesis

This thesis is sectionned as follows:

1. The first chapter is dedicated to the description of the model used, the designed ex-
perimental set-up and the description of the observational /reanalysis datasets that
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are used for comparison.

. The second chapter resumes the scientific methodology followed to reach the results.
Here the reason of the choice of some particular analysis technique is given.

. The results are presented from the third chapter with focus on the validation of
CMCC model in terms of mean West African climate climatology, Annual and Seo-
sonal rainfall evolution. More precisely, the capability of the model to reproduce
the mean features that characterize the climate of WA in terms of rainfall and the
associated dynamical structures is assessed.

. The fourth chapter is dedicated to the variability of the WA rainfall at both the
interannual and the interdecadal time scales explained by SSTs forcing and the as-
sociated mechanisms.

. In the fifth chapter, a particular regard is given to the role of the ASAs in shaping
the low-frequency Sahel rainfall variability and the mechanisms that are involved.

. This thesis ends with a summary of the results found in this work and opens a
discussion/outlook to particular perspectives.



Chapter 2

Model description, Data and
Experimental set-up

In this chapter, we present a detailed description of the model used in this work as well as
the experimental set-up. The observational datasets that are used for comparison are also
described. The chapter ends with the description of the analysis metrics and techniches
we use to reach our results.
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2.1 The CMCC Model description and Set-up of the
experiments

2.1.1 Model description

The general circulation model used is the Centro Euro-Mediterraneo sui Cambiamenti
Climatici, CMCC. The model consists of two main components that communicate through
a coupler:

1. The atmospheric component is formed by the fifth generation of ECHAM developed
at the Max Planck Institute for Meteorology in Hamburg ( [69] Roeckner et al.2003;
[70] Roeckner et al.2006). It has a horizontal resolution at T63 triangular truncation,
corresponding to a grid of about 1.875° in longitude and in latitude. The shortwave
radiation scheme covers the 185-4000 nm spectral interval with a spectral resolution
of 6 bands separating the UV and visible ozone absorption ( [7] Cagnazzo et al.2007).
This version of ECHAMS5 includes a well-resolved stratosphere (95 sigma pressure
levels in the vertical with the top at 80km - 0.01hPa): stratospheric planetary wave-
mean flow interaction is explicitly resolved and the effects of both orographic and
non-orographic gravity waves on the stratospheric and mesospheric large-scale flows
are parameterized ( [47] Manzini et al 2006; [11] Charlton et al.2007; [8] Cagnazzo
and Manzini 2009). The parametrization of convection is based on the mass flux
concept ( [75] Tiedtke 1989), modified following [55] Nordeng (1994).

2. The ocean - sea ice component is OPA-LIM, 31 depth levels with 10 in the upper
100 m and a horizontal resolution of 2° in longitude and in latitude with an increase
of the meridional resolution to 0.5° around the equator ( [46] Madec et al., 1999; [76]
Timmermann et al.2005). The physical and technical coupling interface is described
by [24] Fogli et al.2009.

The communication between the atmospheric and the ocean components is carried out
with the Ocean Atmosphere Sea Ice Soil version 3 (OASIS3) coupler2 ( [81] Valcke et
al.2006). Every day (coupling frequency), heat, mass, and momentum fluxes are com-
puted and provided to the ocean by the atmospheric model. SSTs and sea surface velo-
cities are provided to the atmospheric model by both ocean models. The global ocean
model also provides sea ice cover and thickness to the atmospheric model. The relatively
high coupling frequency adopted allows an improved representation of the interactions
occurring at the air-sea interface. No flux corrections are applied to the coupled model.
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2.1.2 Experimental set-up

In this work, we perform two set of model runs representing the past historical simula-
tions. There are realized in coupled or uncoupled mode configuration: atmosphere and
ocean interacting or not.

In the first set of three model runs, ASAs vary at monthly time resolution from year
to year:

1. AOCOUP run: in this experiment, the atmospheric model (ECHAMS5) is coupled
to the above described OPA-LIM ocean model via the coupler OASIS3. This si-
mulation aims to reproduce the observed climate of the region of interest and its
variability. Furthermore, it provides a test-bed to evaluate the role of air-sea feed-
backs on the WA climate and variability.

2. AMIP run: the atmospheric model ECHAMS is forced at the bottom boundaries
with observed Hadley Centre SSTs and Sea Ice dataset ( [61] Rayner et al.2003).
This simulation helps to assess the capability of the atmospheric model to repro-
duce the observed variability of the WA climate, when forced by observed SSTs.
Furthermore, it helps to explore the mechanisms that link the WA variability to the
oceanic SSTs variations.

3. AMIPIlike run: in this simulation, the atmospheric model ECHAMS is forced with
prescribed SSTs and sea ice (as in the AMIP experiment), obtained from the above
described AOCOUP coupled simulation . This experiment, in combination with
the AOCOUP run allows to explore the role of the air-sea feedbacks, whereas its
comparison with AMIP allows to understand the role of the different SST forcings
on the WA climate variability.

In the second set of two model runs, ASAs are set to climatology, which is the yearly
monthly average over 55 years, from 1950 to 2004. There are hence kept constant from
one year to another, and vary from one month to another month within the same year.

4. AMIP-Aero run: Same as AMIP run with prescribed climatological ASAs and
prescribed varying SSTs and Sea ice from the observed Hadley dataset.

5. AMIPlike-Aero run: Same as AMIPlike run with prescribed climatological ASAs
and prescribed varying SSTs and Sea ice from AOCOUP.

AMIP-Aero and AMIPlike-Aero, compared to AMIP and AMIPlike, aim to assess the
role that ASAs might play in shaping the climate of WA.
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All Simulations are Historical

Simulation Time period SSTs and Sea Ice  Aerosols
AOCOUP 1850-2005 Coupled
Ocean-Atmosphere Vary
AMIP 1950-2007 Hadley Vary
AMIPlike 1950-2004 AOCOUP Vary
AMIP-Aero 1950-2004 Hadley Climatology
AMIPlike-Aero 1950-2004 AOCOUP Climatology

Table 2.1: Summary of the model runs performed in this thesis

All the model simulations are summarized in the Table 2.1. The AOCOUP experiment
presented here started from a stable control simulation (a few thousand years). Estimated
conditions in 1850 determine the external forcings of the piControl experiment and follow
the CMIP5 protocol (http://cmip-pemdi.llnl.gov/cmip5/). Instead, in AMIP, AMIPlike,
AMIP-Aero and AMIPlike-Aero, the atmosphere reaches the equilibrium after 10 years
of spin-up from 1940 to 1949. ASAs are from the CMIP5 project. In all model runs,
External forcings well-mixed greenhouse gases, including CO2, CH4, N20, and incoming
solar irradiance (total value: 1367 Wm2) are from CMIP5 as well and vary every year; the
seasonally varying ozone distribution is repeated every year. At the surface, vegetation is
set constant and rivers are climatological at the mouth of the continents.

2.2 Description of the datasets used for comparison

Model simulation results are compared to available observation and reanalyzes datasets.

The SSTs are provided by the Met Office Hadley Center’s Sea Ice and Sea surface Tem-
perature (HadISST1, [61] Rayner et al.2003). It is a combination of monthly globally
complete fields of SST and sea ice concentration on a 1° latitude-longitude grid from 1870
to 2011.

Precipitation field comes from the Climate research Unit (CRU) TS 3.00 dataset ( [49]
Mitchell et al.2004) and contains monthly global land precipitation on a regular grid (0.5°
x 0.5°) for the period 1901-2000; the Global Precipitation Climatology Project (GPCP, [2]
Adler et al.2003) is a globally complete, monthly analysis of surface precipitation at 2.5°
latitude x 2.5° longitude resolution from January 1979 to the present. It incorporates pre-
cipitation estimates from low-orbit satellite microwave data, geosynchronous-orbit satellite
infrared data, and surface rain gauge observations.

Wind fields and surface temperatures are from the European Center for Medium-Range
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Weather Forecast Re-Analysis (ERA-Interim, [66] Simmons et al.2007a; [67] Simmons et
al.2007b, [79] Uppala et al.2008). Data are globally complete fields of monthly zonal and
meridional winds on a 1.875° latitude-longitude grid from 1989 to 2012.

Other fields are publicly available through the International Research Institute (IRI) for
Climate and Society data library webserver (http://iridl.ldeo.columbia.edu/index.htlm).
Specific humidity and temperatures are extracted from the NCEP-NCAR Climate Data
Assimilation System I (CDAS-1) reanalysis dataset, [37] Kalnay et al.1996. NCEP-NCAR
is a cooperated reanalysis project between the National Centers for Environmental Pre-
diction (NCEP) and the National Center for Atmospheric Research (NCAR), to produce
40 years records (1957-1996) of global atmospheric fields. They are monthly globally fields
on a 2.5° latitude x 2.5° longitude resolution from January 1949 to the present.

All the data (both model and observations) are interpolated into the HadISST1 data-
set grid for comparison. All the Analyzes are done for the summer season from 1950 to
2004 and are limited to 1989-2004 when datasets are not available for longer time period.

2.3 Description of Analysis metrics/techniques used

2.3.1 Standard Deviation (STD)

A simple common approach to quantifying the magnitude and spatial distribution of the
variability of a nonseasonal data is to map its dispersion from its mean. The more spread
apart the data, the higher the deviation. The standard deviation map does not give any
information on how the variations of the variable at one location are related to those at
another location.

2.3.2 Empirical Orthogonal Function (EOF) and Linear Regres-
sion/Correlation

To ascertain the covariability of variable anomalies at different locations, alternative ana-
lysis methods are needed. One commonly used approach is the empirical orthogonal func-
tion - EOF ( [82] von Storch and Zwiers, 1999). Conceptually, EOF analysis determines
the most dominant modes of internal variability in a data set removing redundancy and
multicollinearity. It filters out spatio-temporal pattern of variability that accounts for the
maximum covariance between a variable anomaly time series at all pairs of grid points in
the data set. Then, the remaining covariability is subject to the same decomposition with
the constraint that the second spatio-temporal EOF pattern is orthogonal (e.g., uncorrel-
ated) both in time and space to the leading EOF pattern. This procedure is repeated until
all n EOF patterns have been computed, where n is equal to the number of grid points.
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In practice, only the first few leading modes are robust as a result of the orthogonality
constraint. EOF rotation may be used to circumvent this constraint; however, it may also
result in patterns that are overly localized in space. Each EOF pattern is associated with
a principal component (PC) time series, which describes the temporal evolution of the
EOF pattern. The PC time series is obtained by projecting the EOF pattern onto the
original field anomaly at each time step so as to find the sign and amplitude of the pattern
at any given time. It should be noted that the sign of the EOF is arbitrary; however, the
product of the EOF and the PC time series recovers the correct polarity of the mode at
any given grid box and time. Although useful, EOF modes depend on the spatial domain
considered and as they are subject to orthogonality constraints, they may not be separable
if accounted for similar percentages of the total variance ( [56] North et al.1982). EOFs
are then empirically determined modes (due to dependence on the actual data set and
values) and thus are not necessarily equivalent to the dynamical modes of the system. It
is always prudent to confirm EOF patterns with simpler techniques such as compositing,
linear regression/correlation maps. The general purpose of linear regression/correlation
analysis beeing to find a (linear) relationship between a dependent variable and a set of
explanatory variables.

2.3.3 Compisite Analysis

Composite analysis is one of the simplest analysis techniques applied to time series. It
consists of sorting data carefully and logically into categories and comparing means for
different categories. Composite analysis is useful when having many observations of some
event and looking for responses to that event that are combined with noise from a lot
of other influences. The idea is to average the data in a clever way in relation to the
particular event such that all other influences are filtered out and only the event signal
remains. Often, composite analysis reveals periodic phenomena with fixed phase that
cannot be extracted from spectral analysis if the signal is small compared to the noise.

2.3.4 Maximum Covariance Analysis (MCA)

The Maximum Covariance Analysis - MCA ( [6] Bretherton et al.1992) is also known
as Singular Value Decomposition analysis ( [83] Wallace et al.1992). The MCA can be
considered as a generalization of the EOF Analysis, and indeed reduces to it when the
two fields are identical. While the EOF analysis determines the dominant pattern of
variability of one dataset, the purpose of the MCA is to find the pairs of coupled patterns
explaining the largest covariance between two fields, for instance patterns of rainfall that
go along with patterns of SST. It is usually used to study the coupling between parameters
to understand physical mechanisms of climate variations, for instance, how are SST and
West Africa rainfall related in terms of patterns of variability? The MCA yields two sets
of singular vectors and a set of singular values associated with each pair of vectors. The
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kth Expansion Coefficient (EC) for each variable is computed by projecting the respective
data field onto the kth singular vector. The Correlation value between the kth ECs of the

two variables indicates how strongly related the coupled patterns are.
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Chapter 3

Results: Model African Climate
Climatology and Rainfall Evolution

In this chapter, we focus on the validation of the CMCC model. We assess its capability
to reproduce, in different SSTs configurations and prescribed varying anthropogenic sulfate
aerosols, the mean summer West African climate in terms of rainfall and associated dy-
namaical structures. The mean seasonal rainfall evolution is considered as well as its mean
annual cycle.
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3.1 Sea Surface Temperatures (SSTs)

The long-term June-July-August, JJA, summer mean global SSTs, averaged over 55 years
from 1950 to 2004, for observation - Hadley (top panel) and model - AOCOUP (middle
panel) is displayed on Figure 3.1. Overall, the coupled model reasonably depicts the
main features of the global summer mean SSTs climatology; the upwelling zones along
the equatorial Pacific and coastal Peru and the eastern tropical South Atlantic. The
North eastern Pacific suffers with a warm bias which is particularly pronounced along the
western coast of central Africa in the equatorial Atlantic. In general, the coupled model
JJA-SST climatology presents a warm bias in the tropical ocean (20°S-20°N) and a cold
bias in the extratropics, especially in the Mediterranean and the North Atlantic where
differences exceed 4°C (bottom, Figure 3.1).

3.2 Surface Temperatures: West African Heat Low

The West African Heat Low (WAHL) has been identified as a key dynamical element of
the WAM system ( [44] Lavaysse et al.2009). It is an area of high surface temperatures
associated to high insolation and low local evaporation. Over continental Africa, its
associated upward motion generates a cyclonic circulation aloft which helps to strengthen
and maintain (with the combination of the diabatically forced meridional circulation due
to surface fluxes) the AEJ ( [77] Thorncroft and Blackburn 1999). Figure 3.2 displays
the mean boreal summer (JJA) surface temperature (colors) with the superimposed 925
hPa winds (vectors) from the ERAlnterim reanalyzes Figure 3.2, a) and the different
model runs. Overall, ERAInterim and the model are in good agreement even though the
model’s velocity tends to be overestimated. Over land, they all capture the temperaure
peaks with the formation of the WAHL in the Sahara desert surrounded by a cyclonic
circulation (North of the Sahel and South of the Sahara). The coupled run - AOCOUP,
which takes into consideration the possible air-sea feedbacks and fluxes exchanged between
the atmosphere and the ocean, underestimates the heat low intensity by ~ 3°C (Figure 3.2,

b).

3.3 Surface Temperatures Biases

Figure 3.3 displays the model minus ERAlInterim reanalyzes mean summer surface tem-
peratures (colors) and winds (vectors) biases. In one hand, the reanalyzes are compared
with the AMIP run (Figure 3.3, a) and in the other hand with the AOCOUP run (Fig-
ure 3.3, b). Over land, the model presents a cold bias over Sahara with higher values of
~ 4°C in the coupled run and over South Africa with higher values of ~ 4°C for AMIP.
Warm surface temperature biases are present over the entire Sahel up to the red sea and
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Figure 3.1: 1950-2004 June-July-August (JJA) Sea Surface Temperatures (SSTs) clima-
tology: Observations-Hadley (top) and coupled Model (Middle). The black line represents
25°C. The bias (model minus observations) is shown at the bottom panel.
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Figure 3.2: 1989-2004 June-July-August (JJA) Surface Temperature (colour) with super-
imposed 925 hPa winds (vectors). Observations-ERAInterim (a), AMIP(c), AOCOUP
(b) and AMIPlike (d).
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the central equatorial Africa for AOCOUP run with highest values of ~ 6°C located in
the East Sahel. The warm biases are restricted to the East Sahel again till the red sea
and the Central Equatorial Africa with values of ~ 3°C. Over the sea, warm temperature
biases are present in the south tropical Atlantic with values up to 6°C and cold biases of
~ 3°C in the North Atlantic. Cold temperature biases in North Africa act to strengthen
the harmattan winds while warm biases over south tropical Atlantic reduce the strength
of the monsoon which is clear for AOCOUP ( [62] Rodriguez-Fonseca et al.2010). This
special issue in [62] Rodriguez-Fonseca et al.2010 paper has been discussed when assess-
ing the response of the West African monsoon to the SST forcing especially the tropical
Atlantic at the interannual time scale. The authors concluded that warming of the trop-
ical Atlantic will overall lead to a dipole anomalous precipitation over West Africa with
positive anomalies over the Gulf of Guinea and negative anomalies in the Sahel. In fact,
warming of the tropical Atlantic will decrease the land-ocean temperature and latitudinal
pressure gradients that will lead to the maximum convection to the South and decrease
the Sahelian convergence with the final result of a decrease of the Sahelian rainfall and
an increase of rainfall in the Gulf of Guinea.

G) AMIP —OBSERVATION b) AQCQUP—0OBSERVATION
S =

Figure 3.3: 1989-2004 Boreal Summer (June-July-August, JJA) surface temperature bi-
ases in °C: AMIP minus ERAInterim (a) and AOCOUP minus ERAInterim (b).

3.4 African Easterly Jet - AEJ

During the monsoon season, the African Easterly Jet, AEJ, prevails over west Africa and
is located at about 15°N (Figure 3.4, a, observations). It extends longitudinally from the
Atlantic ocean towards west African inland where it reaches an average velocity of 15m/s.
It lies in a region of strong latitudinal temperature gradient in the lower troposphere
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between the northern Sahara and the Guinean coast. The model is overall able to capture

the general characteristics of the AEJ (Figure 3.4, AMIP(c), AMIPlike(d), AOCOUP(b)).
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Figure 3.4: 1989-2004 June-July-August (JJA) Modulus of the wind at 600hPa. a -
Observations: ERAlInterim, AMIP(c), AOCOUP (b) and d) AMIPlike (d).

3.5 Tropical Easterly Jet - TEJ

In boreal summer, strong easterlies in the upper troposphere prevail over the entire WAM
area as shown in Figure 3.5, a). The mean flow is dominated by the TEJ, which peaks
over the Indian ocean and is best developed at about 200hPa. While the AEJ is stronger
over the western portion of African continent, the TEJ instead is stronger over east Africa.
The mean TEJ latitudinal position and intensity are successfully simulated by the model
despite some deficiencies. When the atmospheric component of the model is forced with
prescribed observed SSTs (AMIP, Figure 3.5, ¢), its captures well the position of the TEJ
but slightly overestimates its intensity. Instead, when forced with prescribed model SST's
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(AMIPlike, Figure 3.5, d) and in the coupled run (AOCOUP, Figure 3.5, b), its intensity
appears weak and the TEJ is mainly limited to the indian ocean.

a) OBSERVATION b) AOCOUP
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Figure 3.5: 1989-2004 June-July-August (JJA) Modulus of the wind at 200hPa. a -
Observations: ERAInterim, AMIP(c), AOCOUP (b) and d) AMIPlike (d).

3.6 Zonal Wind profile

The observed zonal wind profile during boreal summer (June-July August, JJA) averaged
between 10°W and 10°E (Figure 3.6, a) illustrates the main dynamical large-scale fea-
ture associated with precipitation over Africa. The near surface monsoon flow is located
between 0°-15°N, the dry southward Harmattan airflow from the Sahara between 20°N
and 30°N at the low-level between the surface and 850hPa. The AEJ is instead located
at the mid-level at 600hPa centered around 13°N and the TEJ in the upper troposphere
at 200hPa and around 10°N.
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As in any monsoon system, the monsoon flow is a major source of water vapor for West
Africa, as it brings evaporated water over the Gulf of Guinea. Previous studies ( [20] Cook
1999; [77] Thorncroft and Blackburn 1999) have shown that the AEJ is a result of the
strong meridional surface moisture and temperature gradients between the Sahara and
Equatorial Africa, and the TEJ, a result of the reversal in the mid-tropospheric thickness
gradient due to the heating over the Tibetian plateau and the Himalayas; so is associated
with the upper-level outflow from the Asian monsoon.

Overall, AMIP (Figure 3.6, c) captures the main features that characterized the at-
mospheric circulation over Africa. The monsoon flow is reasonably simulated both in
latitudinal extent and intensity but it is less penetrative around the Equator. The core
of the AEJ is well isolated but its intensity is slightly overestimated and slightly shifted
northward and upward as well. The core of the TEJ is well captured around 200hPa
but its strength is slightly overestimated and shifted northward. The shift of the core
and the overestimation of the easterlies have been shown to be related to strong surface
temperature gradients ( [20] Cook 1999).

The coupled model (Figure 3.6, b) as well as AMIPlike (Figure 3.6, d) also simulate
less penetrative monsoon but capture well its intensity. The isolated core of the TEJ is
almost missing in both simulations. The weakness of TEJ has been shown to be a common
problem of state of the art coupled models. Additionally, [14] Chen and Van Loon, 1987
have shown that it tends to be weaker during warm phase of the Pacific ENSO. AOCOUP
and AMIPlike both show a wider latitudinal extension of the AEJ with a right position
of the core but the intensity is slightly overestimated in AMIPlike.

3.7 Precipitation

In this section, we examine the spatial patterns of boreal summer precipitation and the
associated low-level circulation. Figure 3.7 compares CRU precipitation and 925 hPa
ERAlInterim winds climatologies (a) in JJA with the corresponding model fields over the
period 1989-2004. At this time of the year, the ITCZ is at its northernmost location and
the WAM rainfall is at its maximum. Observations show a band of maximum rainfall,
centered along 10°N, that spans the African continent, with three maxima connected to
orographic features over the Guinean, the Cameroon and the Ethiopian highlands. The
associated low level circulation shows north and south Atlantic anticyclonic flows, the
WAM flow as well as northerlies and easterlies around the Sahara thermal low region.
Rainfall in the India and Indian ocean is associated to the lower tropospheric Somali jet
which is developed as a response to the land-sea gradient of large-scale heating ( [74]
Sperber et al., 2000).



CHAPTER 3. RESULTS: MODEL AFRICAN CLIMATE
24 CLIMATOLOGY AND RAINFALL EVOLUTION

a) OBSERVATION b) AOCOUP

xr —— 40 L T i T R I

] S E L s

o *‘w—:‘w-‘(‘. \g

.~ o W T

200 _-:';,/”_a_..;.fu,!__ s
Xt SRR

,,_,&gi-&:hq-‘!""'ﬂ"ﬂ-pp

. F Ty o i

CEXE
EQ '\\:\E\\ d -\ b e Y
105 %ﬂ\'\ ’\\ 5 ﬁ'i'\t‘\ NN
D

.
ZD T T I | 1 1 T
0% 20w 20 40E 6OE BOE  100E  120E

~

. ]

100E 120E

_— _—
20 20

40M 1
JON
20N =

IR g A 7y oy

7z f ,_, = o 10N
s R e A : > ) = =
NI A ggﬁ i SN
105 RO e 2l S 105 A

firara BN 8 Lo s AR SESRRRR SN, i Ly

i X S

W gy Y R R
-’41—'&\!‘ Fa® ¥

=
i A e

208 . ¥ pnfu fu oot fo B 208 - g A
40W  zow 0 20E 4DE &OE BOE 100E  120E 40W  zow 0 20E 4DE &OE BOE 100E  120E
20 20
I I I [ [ [
1 2 4 B 1z 16

Figure 3.7: 1989-200/4 June-July-August (JJA) Rainfall (colour) with superimposed 925
hPa winds (vectors). a - Observations: GPCP (colour) and ERAlInterim (vectors),
AMIP(c), AOCOUP (b) and AMIPlike (d).
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Overall, all three model simulations reasonably depict the main features of precip-
itation and low level wind climatologies for African and Indian monsoon systems. In
general, the model overestimates the rate of the Asian monsoon rainfall mainly along the
coast of Asia but its spatial spread is well reproduced. The seasonal reverse in direction
and the intensification of the Somali jet are also well captured. The low level circulation
features of the WAM are well reproduced with a slight overestimation of wind intensity
in the northern Sahel in all model runs. The intensity of precipitation is well captured
but the rainbelt seems to be narrow in AMIP (Figure 3.7, ¢) and fails to capture the
Cameroon highlands maxima. On the other hand, the position of the ITCZ seems to be
shifted southward in AOCOUP (Figure 3.7, b) and AMIPlike (Figure 3.7, d) runs and the
monsoon flow is less penetrative, locating the maximum of rainfall mostly in the Atlantic
ocean. However, AOCOUP and AMIPlike capture well the three maxima both in position
and intensity. The southward shift of the whole rainfall monsoon system in AOCOUP and
AMIPlike seems to be a common problem to the other state of the art coupled general
circulation models ( [31] Hourdin et al.2010).

3.8 Analysis of the African Rainfall Evolution

In this section, we focus on the seasonal migration of the ITCZ over West Africa as well
as the rainfall annual cycle in different African subregions.

3.8.1 Seasonal Evolution

Figure 3.8 displays the Hovmoéller diagram of the seasonal migration of the ITCZ over
west Africa. In the observations (contours, a, b, ¢, top row), the first transit of the ITCZ
over the Guinean coast occurs in spring between May and June (onset of the monsson),
followed by a short dry season in July - August over the region, which contrasts with the
establishment of the rain season over the Sahel. During Fall, from the end of September
to the beginning of October, the ITCZ quickly withdraws, re-watering the Guinean coast.
AMIP (Figure 3.8, a) AMIPlike (Figure 3.8, b) and AOCOUP (Figure 3.8, c¢) runs are
able to reproduce the seasonal migration of the ITCZ with a one month phase shift. While
AMIP is characterized by a weaker penetration of the monsoon, AMIPlike and AOCOUP
seem to shift the ITCZ to the South as mentioned before. These biases in the model could
be related to the convection scheme used, which has been shown to play an important
role in rainfall representation in GCMs ( [31] Hourdin et al.2010). Obviously, a higher
rainfall variability associated to the North and South migration of the ITCZ is depicted
where (position) and when (time phase) rain rates are higher (Figure 3.8, d, e, f, bottom
row).
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3.8.2 Mean annual cycle

According to GPCP and CRU (Figure 3.9, a, dot and solid black lines respectively),
West Sahel precipitation annual cycle peaks in August with some slight differences in the
intensities among the observed estimates. AMIP (Figure 3.9, a, green) and AOCOUP
(Figure 3.9, a, grey) both reproduce the observed peak in August but tend to underes-
timate its magnitude with AMIP closer to observation. AMIPlike (Figure 3.9, a, red)
captures also the West Sahel rain season but it peaks in September.

Over the East Sahel (Figure 3.9, b), the same annual phase is found with the differ-
ence that the observed intensities are lower than than in West Sahel. All model runs
underestimate the precipitation peaks but capture their phases in August.

Over the Guinean coast (Figure 3.9, c¢), all the observational datasets show a primary
maximum during Spring in May-June, a secondary one during Fall in September-October
and a relative minimum in mid-summer. AMIPlike and AOCOUP capture the phase
of the two maxima, but tend to overestimate precipitation compared to the two obser-
vational datasets. AMIP captures the two rain seasons but overestimates the spring
maximum which peaks one month earlier and underestimates the mid-summer minimum
which peaks in October. The two rain seasons are separated by a very pronounced dry
season during summer with almost no rain as all the rainfall migrates in the Sahel.

Two precipitation maxima are also found in the North Equatorial Central Africa (Fig-
ure 3.9, d) with the summer maxima more pronounced than the one in spring. AMIPlike
and AOCOUP again capture the phase of the spring peak and delay the second one by
two months. In general, they both underestimate the rainfall intensities. AMIP captures
the double peaked seasonal structure as well separated by a dry point structure in July.
The rainfall magnitudes are underestimated.

The general observation that comes out from this analysis is that AMIP looks closer
to observations over the Sahel while the coupled model as well as AMIPlike seem to
performing better in the Equatorial regions.

3.9 Summary and conclusions

The CMCC general circulation model is able to reproduce the mean features that char-
acterize the West African Monsoon system but few biases emerge. One should cite the
weakness of the simulated AEJ and the widening of its latitudinal extension, the under-
estimation of the westward extension of the TEJ over the African continent in AMIPlike
and AOCOUP. As many state of the art coupled GCMs, the main WAM system is shifted
southward in the coupled and AMIPlike runs. This last issue might be related to the
convection scheme used ( [31] Hourdin et al., 2010) . In general, the mean anuual cycle
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of precipitation , including single and multiple rain seasons, is well captured over most
of African subregions, even though AMIP seems to performing better in the Sahel and
the coupled model as well as AMIPlike in the equatorial Africa. Overall, it is assessed
that the performance of model used here is of sufficient quality for application to climate
change and climate variability studies over west Africa .
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Chapter 4

Results: Interannual and
Interdecadal Rainfall Variability
and the associated mechanisms

In this chapter, we focus on the dominant SSTs and West African rainfall coupled pat-
terns of variability. A link between those patterns of variability in terms of mechanisms
1s determined. This is assessed both at the interannual and multidecadal time scales. Fur-
thermore, because of the great similarity between the AMIPlike and AOCOUP climatology
results, only few results from AOCOUP are shown as we verified the same is true for
variability.
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4.1 Results: Patterns of Variability

In order to describe patterns of rainfall co/variability in the Sub-Saharan Africa during
the establishment of the Monsoon, EOF and MCA analysis techniques as described in
Chapter 2 are applied.

4.1.1 SST-Rainfall coupled modes: Multiple Covariance Ana-
lysis

a) Observations

MCA is employed to identify areas in WA where rainfall covariates with SSTs and to
extract the corresponding variation in time. Figure 4.1 represents the dominant first two
leading modes of covariability between the two variables.

The first mode (Figure 4.1, a) explains 48% of the total covariance between July-September,
JAS, precipitation over WA and global SSTs. It statistically links Sahelian rainfall vari-
ability (hereafter, Sahelian mode) with an interhemispheric SSTs pattern (Figure 4.1, ¢).
The sign of the loadings shows that Sahelian droughts are significantly correlated to pos-
itive tropical SSTs anomalies and negative extratropical SSTs anomalies. The associated
SSTs and rainfall expansion coffecients (ECs) (Figure 4.2, a) are dominated by variability
at the interannual time scale and present a correlation number of 0.71.

The second mode of covariability (Figure 4.1, b) pictures the influence of the Gulf of
Guinea (Figure 4.1, d) on the monsoon, and explains 14% of the total covariance. The
precipitation pattern reveals that warmer than average SSTs in the Gulf of Guinea are
strongly correlated with higher than average precipitation along the coast. The corres-
ponsing ECs Figure 4.2, b, highly correlate (0.81) and are also dominated by variability
at the interannual time scale. While the first mode might correspond to a modulation
of the monsoon activity by interhemispheric SSTs, the second mode can be interpreted
as a local modulation of the latitudinal position of the African rainbelt through Gulf of
Guinea SSTs. These two observed teleconnections are fully consistent with the results of
previous result in [27] Giannini et al.2003. The robustness of this MCA method has been
largely assessed in the [33] Joly et al., 2007 paper.

b) AMIP

In the AMIP run, the interhemispheric SSTs pattern, which is the first dominant pat-
tern, covariates (at 35%) with a Sahelian zonal dipole (Figure 4.3, a). Positive tropical
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Figure 4.1: Mazimum covariance analysis (MCA) of observed CRU WAM rainfall (20S-
20N, 20W-30E) and global Hadley SST's during July-August-September, JAS, 1950-2004,
for the First (a and ¢) and second dominant modes (b and d). The correlations, significant

at the 95% level, are colour shaded.
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mode of covariability between SSTs and WAM rainfall in Figure 4.1. EC1 (a) and EC2
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Figure 4.3: Same as Figure 4.1 but for AMIP.



CHAPTER 4. RESULTS: INTERANNUAL AND INTERDECADAL
36 RAINFALL VARIABILITY AND THE ASSOCIATED MECHANISMS

SSTs anomalies (mainly in the Pacific) and negative northern extratropical SSTs covari-
ate with dry rainfall anomalies in the east Sahel and wet rainfall anomalies in the west.
The associated ECs are displayed on Figure 4.4, a. They are highly correlated (0.81)
and dominated by variability at interannual time-scale. AMIP second dominant SSTs
and rainfall covariability patterns explain 30% of of the total covariance and are shown
on Figure 4.3, b. Guinean coast rainfall pattern positively covariates with SSTs in the
tropical eastern Atlantic, northern Atlantic and part of the west Pacific (Figure 4.3, d).
The corresponding ECs (Figure 4.4, b) highly correlate (0.73) and are dominated as well
by variability at the interannual time scale. In general, we can assert that there is no
clear seperation between the two dominant modes of covariability, given the numbers of
the explained total covariance (35% for the first mode and 30% for the second).

(a) (b)

EC1r=0.73: AMIP EC2r=0.81: AMIP

3 L L L L L L L L L L 3 L L L L L L L L L L
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Years 1950-2004 Years 1950-2004

Figure 4.4: Same as Figure 4.2 but for AMIP.

c) AMIPlike

AMIPIlike first dominant pattern of covariability explains 64% of the total covariance,
Figure 4.5, a. A meridional rainfall pattern over west Africa (negative anomalies in the
Guinea coast and positive anomalies over south tropical Africa) is shown to be related to
negative SSTs anomalies over tropical ocean (especially in the Pacific and western Indian
ocean) and a dipole SST pattern in the Atlantic (Positive anomalies in the north and
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Figure 4.5: Same as Figure 4.1 but for AMIPlike.
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negative in the south equatorial Atlantic). The corresponding ECs (Figure 4.5, a) are
highly correlated (0.81) and covariate mainly at the interannual time scale. The second
patterns (Figure 4.5, b) of covariability (14%) show that Guinean coast rainfall (Figure 4.5,
d) is positively influenced by SSTs over the Gulf of Guinea and negatively influenced by
the Pacific SSTs mainly at the interannual time scale.

(a) (b)

EC1r=0.73: AMIPLIKE

EC2r=0.81: AMIPLIKE

Standardized Expansion
\

Standardized Expansion
\

3 L L L L L L L L L L
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Years 1950-2004

Figure 4.6: Same as Figure 4.2 but for AMIPlike.

4.1.2 SST-Rainfall coupled modes: Empirical Orthogonal Func-
tion

Figure 4.7 compares the first two leading EOF modes of rainfall variability over Africa.
Observation shows a clear separation between the variability in the continental Sahel (Fig-
ure 4.7, a) precipitation between 10N and 20N represented by the first EOF (that explains
27% of the total variance) and the oceanic Intertropical Convergence Zone (ITCZ), and
its extension along the Gulf of Guinea coast (Figure 4.7, b), between the equator and
10°N, represented by the second EOF (that explains 14% of the total variance). This
separation is in accordance with the previous applied MCA technique. Furthermore, [28]
Giannini et al.2005 showed that the anomalies of opposite sign in Figure 4.7, a, between
Sahel and Guinean coast, are not significant.
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The temporal structures of precipitation variability are shown on Figure 4.8. CRU PC1
(Figure 4.8, black line, top row) is mainly dominated by variability at the interannuall
tendency. On the other hand, CRU PC2 (Figure 4.8, black line, bottom row) is dominated
by variability at the interannual time scale and characterizes the rainfall variability over
the coast of Guinea.

In the AMIP run, the first mode (Figure 4.7, ¢), seems to exhibit the Sahelian (5N-
20N) mode, explaining 29% of the total variance, with rainfall restricted to the central
eastern part of Sahel. The second mode instead, (Figure 4.7, d), exhibits an east-west
zonal dipole mode of 22% of total variance, with negative anomalies located over the
Guinea coast and positive anomalies in the East Sahel. As we can notice, the percentages
of variance show that there is no clear separation between the continental (Sahelian) and
oceanic (Guinean coast) modes of rainfall variability in this run. Applying rotated EOF
(not shown) analysis doesn’t give any meaningful result. Despite the fact that AMIP
EOF1 spatial pattern seems to corresponding the most to the Sahelian mode of rainfall
variability, its corresponding PC1 (Figure 4.8, dot blue lines, top and bottom rows) does
not seem to exhibit the same behaviour given the low correlation between the two PCs is:
r(CRU PC1 - AMIP PC1)=0.17. Instead, the correlation between AMIP PC2 and CRU
PC1 is higher (0.47) (Figure 4.8, dot green lines, top and bottom rows) and the observed
Sahelian mode seems to be more represented in the AMIP EOF2.

The same behaviour is present in the Guinean coast mode as well: r(CRU PC2 - AMIP
PC1)=-0.24; r(CRU PC2 - AMIP PC2)=0.24. The rainfall zonal (east-west) dipole no-
ticeable in the AMIP Sahel rainfall variability can be relied to previous studies by [65]
Rowell 2001 and [3] Bader 2003. They related a significant change in east Sahel rainfall
but no impact on the west Sahel mainly due to El Nino Southern Oscillation (ENSO).
We will pay more attention to this zonal AMIP rainfall pattern later on in this thesis.

AMIPlike run (as well as AOCOUP, not shown), exhibits a clear separation between the
first rainfall dominant mode (Figure 4.7, e) that explains 38% of the total variance and
the second rainfall dominant mode (Figure 4.7, f) explaining 18% of the total variance.
Interestingly, the second mode exhibits a meridional dipole, with positive rainfall anom-
alies in the west Sahel contrasting negative anomalies in the equatorial Africa. On the
other hand, AMIPlike EOF2 looks similar to the observed EOF1 while AMIPlike EOF1
resembles the CRU Guinean coast EOF2 pattern. The separation of the two modes of
rainfall variability over Africa is quite clear in the AMIPlike PCs as well (Figure 4.8, last
column, dot darked orange), even though the correlation is low.

These results are summarized in the Table 4.1.

The correlation maps of the associated PCs with the global SSTs are shown in Fig-
ure 4.9. In observations (Figure 4.9, a), positive Sahel rainfall is connected to negative
SSTs anomalies in the entire tropics and to positive anomalies in the northern Atlantic as
confirmed by the MCA analysis. Positive correlation values connect the Gulf of Guinea
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Figure 4.7: EOF1 (left) and EOF2 (right) rainfall Spatial patterns for the summer JAS
1950-2004 period. CRU: EOF1(a), EOF2 (b); AMIP: EOF1(c), EOF2 (d); AMIPlike
EOF1(e), EOF2 (f); Units are in mm/day per standard deviation of the associated prin-
cipal components (Figure 4.8). Only 95% significant results are shown.
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Figure 4.8: Standardized PCs. Black lines: observations (CRU), Dark orange line: AMI-
Plike, Dashed blue line: AMIP PC2, Dashed green line: AMIP PC1. Top row represents
time series between CRU PC1 and AMIP PC1 (left) and PC2 (middle) on one hand,
and CRU PC1 and AMIPlike PC2 (right) on the other hand. Bottom row displays the

same but is for PC2 and AMIPlike is for PC1.

The correlations between observed and

modeled PCs are given in the title: r(CRU PC1 - AMIP PC1)=0.17; r(CRU PC1 - AMIP

PC2)=0.47: r(CRU PC2 -

AMIP PC1)=-0.2}; r(CRU PC2 - AMIP PC2)=0.2}; r(CRU

PC1 - AMIPlike PC1)=0.12; r(CRU PC1 - AMIPlike PC2)=0.18; The remaining correl-
ation numbers is listed in the text.
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Figure 4.9: Regression of the 1950-2004 global summer SSTs onto the differents PCs:
PC1 (left) PC2 (right) for Observations (a and b) AMIP (¢ and d) and AMIPLike (e and

f).
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PC Correlation Numbers
CRU — PC1 CRU - PC2

AMIP — PC1 0.17 -0.24
AMIP — PC2 0.47 0.24
AMIPlike — PC1 -0.05 -0.12
AMIPlike — PC?2 0.18 -0.01
AOCOUP — PC1 -0.06 -0.001
AOCOUP — PC2 0.16 0.001

Table 4.1: Correlation of Model rainfall PCs with the Observed rainfall PC1

Rainfall to the eastern tropical Atlantic ITCZ (Figure 4.9, b). To summarize, positive
rainfall anomaly in Sahel is associated with negative SST anomalies in the tropical Pacific
and Indian Oceans and interhemispheric SSTs anomalies in the Atlantic (positive in the
North and negative in the South). Positive rainfall anomalies in the Guinea coast are
associated with positive SSTs anomalies in the eastern equatorial Atlantic.

As mentioned above, AMIP second mode of rainfall variability (the zonal dipole) is ex-
plained by the interhemispheric SSTs variability (Figure 4.9, ¢) and AMIP first mode
of rainfall variability (Figure 4.9, d) is explained by SSTs variability over East tropical
Atlantic. AMIPlike rainfall instead seems to be mainly related to tropical SSTs especially
to the Pacific in any cases ((Figure 4.9, ¢ and f).

4.1.3 Variability of the East and West Sahel in the AMIP run

[65], Rowell (2001) and [3], Bader and Latif (2003) found that the tropical SSTs anomalies
appear to driving the drying trend more in the eastern Sahel than in the western Sahel. To
verify this assumption, given the east-west structure of AMIP rainfall variability, we split
the AMIP Sahel into two subregions: West Sahel (10N-20N, 21W-10E) and East Sahel
(10N-20N, 13E-40E). Rainfall indices (ESRI and WSRI for East and West Sahel Rainfall
Index, respectively) are then computed by averaging the JAS rainfall anomalies over each
of the two separated Sahel subregions. We also compute the Sahel rainfall index (SRI)
for the entire Sahel (10N-20N;21W-40E) for both observations and AMIP. Time series are
then normalized by their corresponding unit standard deviation. The results are given in
Figure 4.10.

The interesting remark is the higher correlation of r = 0.43 between the observed SRI
(black) and AMIP ESRI (red), Figure 4.10, b, compared to the AMIP entire SRI Fig-
ure 4.10, a, r = 0.28. There is no correlation between the observed SRI and the AMIP
WSRI, Figure 4.10, ¢, -0.16.

We then applied a 21-year running mean to each index to extract the "low-frequency”
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(a)

Entire Sahel 0.24
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Figure 4.10: Time series of Summer rainfall indices for CRU (black) and AMIP (red).
Rainfall is averaged over Sahel (21 W-40E, 10N-20N) for: CRU (a, b and ¢) and AMIP
(a); over two subregions for AMIP: East Sahel (21 W-10E, 10N-20N) - ESRI (b) and West
Sahel (13E-40E,10N-20N) - WSRI (c). Correlation numbers are given in the title.
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(a) (b)

PRE regression on SRI: CRU

(c) (d)

PRE regression on ESRI: AMIP

PRE regression on WSRI: AMIP

Figure 4.11: Regression of 1950-2004 JAS summer WA rainfall (left) and global SSTs
(right) onto the different indices computed in Figure 4.10 for observed SRI (a and b)
AMIP ESRI (c and d) and AMIP WSRI (e and f).
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AMIP Non Filtered Decadal Interannual
Component Component

SRI 0.28 0.95 0.03
ESRI 0.43 0.97 0.21
WSRI -0.16 0.001 0.26

Table 4.2: Correlation numbers between AMIP and observed Sahel rainfall indices (SRIs).
AMIP SRI (second row, second column) is correlated with observed SRI as well as their low
(second row, third column) and high (second row, fourth column) frequency components of
variability. SRI is computed by averaging the JAS rainfall anomalies over 10N-20N;21W-
40F. The low component of variability is obtained by applying a 21-year running mean
(third row) and the residual results to be the high component. The same procedure is
applied for AMIP East SRI (ESRI) and West SRI (WSRI) where the average is done
between 10N-20N, 13E-40F and 10N-20N, 21 W-10F respectively.

variability of the time series. In this way, we are able to decompose time series into their
decadal and interannual components of variability (Not shown).

There is a net increase in the correlation numbers both at the high and low frequency
of variability for the East Sahel: from 0.95 to 0.97 (low frequency) and from 0.03 to
0.21 (high frequency) for non-filtered and filtered data respectively. West Sahel rainfall
presents only the interannual variability and is positively correlated to the observed SRI
(0.26). These results are summarized in the Table 4.2.

The regression of the global summer SSTs into those indices in Figure 4.11 shows
that the traditional Sahel rainfall variability and the SSTs interhemispheric influence is
fulfilled and restricted to east Sahel in the AMIP run (Figure 4.11, ¢ and d). The AMIP
ESRI variability follows observed SSTs influence (Figure 4.11, a and b) as it is negatively
correlated with an interhemispheric SSTs pattern . This result of Sahel rainfall variability
restricted in the east was also found by [9] Caminade et al.2010 using another model. The
main assertion we can make is that the basic structure of the Sahel rainfall variability at
the decadal time scale can be simulated when the model only uses the observed SSTs as
lower boundery conditions. The interannual variability still presents some difficulties.

4.1.4 Decomposition of rainfall PCs into high and low frequen-
cies of variability

To investigate the effect of SSTs influence on Sahel rainfall at the decadal time-scale, we
performed a 21-year running mean of the principal components as discussed earlier, Fig-
ure 4.12. Figure 4.12 (a and b) shows that the model, when forced with observed SSTs,
is able to reproduce the long term drought that governed the Sahel during 1970s-1980s.
A very high correlation exists between the AMIP two PCs and the observed PC1: CRU
PC1 (black) and AMIP PC1 (Figure 4.12, dot blue) : 0.89; CRU PC1 (black) and AMIP
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JAS Decadal Component: CRU PC1 and Model PC1 JAS Decadal Component: CRU PC1 and Model PC2
3 T T T : 3 T T T :
CRU PC1 CRU PC1
====AMIP PC20.89 ====AMIP PC20.75
2k AOCOUP PC1 -0.62 2 AOCOUP PC20.88
——— AMIPLIKE PC1 -0.70 ——— AMIPLIKE PC2 0.89

Standardized Principal components

-3 | | | | | | | | | |
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Figure 4.12: Low frequency component of the Standardized principal components for: CRU
PC1 (black line) and Model PC1 (a); CRU PC1 (black line) and Model PC2 (b). The
correlation numbers between observed and modeled PCs are given in legend.
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Model PC Correlation Numbers with CRU PC1

Runs PC1 PC2
AMIP 0.89 0.75
AMIPlike -0.70 0.89
AOCOUP -0.62 0.88

Table 4.3: Correlations between the decadal components of the model PCs and CRU PC1:
Sahelian mode.

PC2 (Figure 4.12, dot green) : 0.75. On the other hand, very interesting and surpris-
ingly as reproduced in Figure 4.12,b, despite the absence of realistic SSTs, AMIPlike PC2
(dark orange) as well as AOCOUP PC2 (light orange) are also able to reproduce the low
frequency variability of the Sahel rainfall with high correlation of 0.89 to observation for
both of them. AMIPlike and AOCOUP PC1 instead show a negative correlation to SSTs.
The summary of these correlations is done in Table 4.3.

The above results imply that SST is not the only dominant factor able to shape the
variability in the Sahel. AMIP was expected to reflect this long drought behaviour in the
Sahel rainfall as forced to follow observations through SSTs. Many factors can be guessed
to be playing a role. According to the model settings performed in the present work,
one possible player is the impact of anthropogenic sulfate aerosols (ASAs) onto Atlantic
SSTs, which may have had an effect on the low frequency variability of Sahel precipitation
through radiative forcing.

In the next chapter, we will verify our hypothesis and if it is revealed true, investigate the
possible linkage, in terms of mechanisms, between ASAs and the Sahel rainfall.

4.1.5 Regression of global SSTs into Sahel PC Components

In order to identify the oceanic parts that influence the most Sahel rainfall at decadal and
interannual time scales, we regress the global SSTs into the low-frequency (Figure 4.13,
a) and the high-frequency (Figure 4.13, b) components of the observed Sahel PC. This
decomposition highlights the role of the slower oceanic variability characteristic of the
dipolar SST mode in the Atlantic and west Indian oceans in forcing the trend.

At the interannual time-scale, the Sahel rainfall is influenced by the tropical oceans. In
particular, main impact is imparted by the pacific ocean, the tropical Atlantic and the
west indian.

For AMIP run, results are summarized on Figure 4.14. Central east Africa rainfall
(corresponding to EOF1) variability mainly owns its existence to a dipolar SST patterns
of negative signs in the Atlantic and the indian ocean at the decadal time scale (Fig-
ure 4.14, a). It has no evident link to SSTs at the interannual time scale (Figure 4.14, b).
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(a) CRU PC1 Decadal

(b) CRU PC1 Residual

Figure 4.13: Regression of the global 1950-2004 Summer SSTs into the Low (a) and High
(b) frequency components of the Standardized Observed PC1 for CRU precipitation. SSTs
are from the Hadley dataset.
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The variability in east-west rainfall (corresponding to EOF2) instead has no SSTs influ-
ence at the decadal time scale (Figure 4.14, c¢) and is mainly influenced by the tropical
Pacific and Atlantic at the interannual time scale (Figure 4.14, d).

On the other hand, the meridional rainfall dipole in AMIPlike (corresponding to EOF2) is
mainly due to the influence of the North Atlantic, at the decadal time-scale (Figure 4.15,
c) and the influence of the Pacific and the east Indian at the interannual time-scale (Fig-
ure 4.15, d). In the same time, AMIPlike EOF1 seems to be mainly related to tropical
SSTs additionally to the tropical east Atlantic upwelling zone at the interannual time-scale
(Figure 4.15, b) and has almost no link to SSTs at the decadal time scale (Figure 4.15,

a).

(a) AMIP PC1 Decadal (b) AMIP PC1 Residual

AMIP SST PC1 DECADAL AMIP PC1 RESIDUAL

(¢c)AMIP PC2 Decadal (d) AMIP PC2 Residual

AMIP SST PC2 DECADAL AMIP PC2 RESIDUAL

Figure 4.14: Same as Figure 4.13 for AMIP PC1: (a) for low and (b) for high frequency
of variability and AMIP PC2: (c) for the lower and (d) for the higher one.
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(a) AMIPlike PC1 Decadal (b) AMIPlike PC1 Residual

(c) AMIPlike PC2 Decadal (d) AMIPlike PC2 Residual

Figure 4.15: Same as Figure 4.13 for AMIPlike PC1: (a) for low and (b) for high frequency
of variability and AMIPlike PC2: (c) for the lower and (d) for the higher one.
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4.2 Mechanisms of the Rainfall Variability: Interan-
nual time scale

A coupled of mechanisms have been identified in the literature to induce anomalous pre-
cipitation over Africa. Here in the following, we discuss about two of them, which in
general, involve two competing aspects: the Dynamics and the Thermodynamics.

: Margin of mnvective:
i zone with v inward
| from descent region

i

I
i
f Reduced i
Convection convection |

ABL muoistens to meet  Drying|
new convective threshold v.-Vg'

Figure 4.16: Schematic of the upped-ante mechanism for negative precipitation anomalies
for global warming and El Nino cases as proposed by [51] Neelin et al.2003. For the
global warming case, the tropospheric temperature warms due to increased absorption of
infrared radiation (dashed curves) by greenhouse gases (GHG). For the El Nino case
(inset) warming is spread from the Pacific by wave dynamics. The rest of the pathway
via convective interactions is common to both. Adjustment of atmospheric boundary layer
(ABL) moisture in convective regions, to meet the new convective ante, establishes a
gradient of ABL moisture anomalies q’ relative to nonconvective regions. This creates
a drying tendency where low-level flow v moves into the margin of a convective zone.
Feedbacks reducing upward motion and low-level convergence enhance this drying tendency.

4.2.1 Dynamics due to ENSO teleconnection or the upped-ante
mechanism

Great interest has been given to the influence of Pacific ocean as one of the oceanic major
source of heat/energy important for the atmospheric global circulation. A few authors
focused on the linkage between the Pacific ocean and the persistence of drought in the
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Dataset AMIP AMIPlike NCEP-NCAR
El Nino Years 1965, 1972 1959, 1971 1972, 1987
1987, 1997 1984, 1997 1997
La Nina Years 1955, 1973 1957, 1969 1964, 1973
1975, 1989 1982, 1998 1993

Table 4.4: Retained El Nino and La Nina years for the composite analysis.

Sahel ( [25] Folland et al.1986, [35] Janicot et al.2001). A Sahelian rainfall reduction has
been related to warming over the tropical pacific ( [33] Joly et al.2007, [27] Giannini et
al.2003, among others). Relative mechanisms have been attributed such as the stabiliza-
tion mechanism, also called the upped-ante mechanism described in [51] Neelin et al.2003
and a schematic picture of the mechanism is summarized in Figure 4.16. In general, dur-
ing El Nino, there is an anomalous ascending motion over the equatorial Pacific. The
troposphere over the Pacific then warms and Moisture rises to maintain precipitation. In
the same time, the moisture gradient relative to neighboring subsidence regions increases.
Because the tropical atmosphere can not support large temperature and moisture gradi-
ents between the Pacific and its neighboring regions, the anomalous convective heating
over the tropical Pacific spreads rapidly through the entire atmosphere and warms up the
higher layers as the latent heat is released. This higher-level warm temperature anom-
alous extends eastward right over margins of convection zones (where subsidence occurs)
through equatorial waves and preferentially Kelvin waves [29], Gill 1980. Strong inflow of
dry air from the subsidence regions (including Africa) then favors rainfall reduction.

Selection of the appropriate ENSO years

An index is defined as the time series of the linearly detrended summer JAS SSTs anom-
alies averaged over the region (190°E- 240°E, 5°S-5°N) over the period 1950-2004. Then
the time series is normalized by its standard deviation. A year is defined as El nino year
when the resulting index is greater than one standard deviation and as La nina when it is
less than one standard deviation. According to this procedure, four years have been chosen
for both El Nino and La Nina events, for AMIP and AMIPlike. Due to the availability
of "observed” datasets with large set of variables, the NCEP-NCAR reanalysis dataset is
used to compare with the model dataset and three years are chosen as corresponding to
El Nino and La Nina events as well. The chosen years for each dataset are summarized
in Table 4.4.

For observations, the stabilization mechanism is summarized in the Figure 4.17. Dur-
ing El Nino events, low layers warm up over the equatorial Pacific, up to 2°C, Figure 4.17,
c¢. The warmer and moister conditions of the boundary layer then enhances the local
convection. This leads to a warm anomaly in the higher levels (~ 1°C) that extends,
due to the stabilition mechanism, eastward right over Africa where anomalous subsidence
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Figure 4.17: JAS NCEP-NCAR ENSO composites (difference between El Nino minus
La Nina anomalies) for: (a) 200hPa Temperature, (b) precipitation and (c) Temperat-
ure vertical cross section (averaged between 10S-10N). The horizontal dashed line at 10
corresponds to 200hPa and the vertical dashed lines separe different regions.
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ElNino - La Nina Years T200 Anom: AMIP El Nino - La Nina Years T200 Anom: AMIPlike
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Figure 4.18: Same as Figure 4.17 for AMIP (Left) and AMIPlike (Right).
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occurs. This is clearly shown at Figure 4.17, a, with a widespread and significant west-
erly anomaly originating eastward from the enhanced convective heating over central east
Pacific. As a consequence of this direct atmospheric ENSO influence, rainfall is reduced
as a whole over Africa, as shown in Figure 4.17, b.

Despite the fact that higher levels of the model composite are considerably warmer com-
pared to NCEP-NCAR reanalysis (~ 3°C for AMIP (Figure 4.18, bottom left) and ~ 1°C
for AMIPlike, Figure 4.18, bottom right), the dry rainfall anomalies in AMIP Sahel is
restricted to the central eastern Sahel. Furthermore, the AMIP west Sahel (not shown)
and AMIPlike African rainfall seem not to follow the stabilization mechanism (opposite
sign of rainfall, Figure 4.18, middle right) and the rainfall variability of those regions
might instead own its explanation to non dynamical processes.

4.2.2 Thermodynamics: Anomalous gross moist stability mech-
anism

The dynamics of the stabilization or the upped-ante mechanism described above is based
on the warming of the troposphere. To compensate the warm tropospheric temperature,
atmospheric boundary layer (ABL) moisture must normally increase to maintanin positive
convective available potential energy (CAPE) in convective regions. In the upped-ante
mechanism, increase in ABL moisture is opposed by imported dry air wherever inflow
from nonconvective regions over margins of convective regions. The ABL is not enough
to meet the higher convective ante induced by the warmer tropospheric temperature, so
precipitation is decreased. In the anomalous gross moist stability mechanism, gross moist
stability is reduced due to increased ABL moisture. As a result, convection is enhanced
and precipitation becomes heavier over convective regions [19], Chou and Neelin, 2004.
While the upped-ante mechanism induces negative precipitation anomalies over the mar-
gins of convective regions, the anomalous gross moist stability mechanism induces positive
precipitation anomalies within convective regions.

In observations as represented in Figure 4.19, during El Nino years, in the Sahel, the
boundary layer (BL) is warmer than the free atmosphere (a) while the specific humidity
decreases (b). The BL beeing warmer than the free atmosphere, deep convection should
be enhanced as the moisture supply significantly decreases at the edge of the convection
zone Sahara. This leads to a decrease of humidity/precipitation over Sahel as shown
Figure 4.20, a. El Nino events are associated with negative specific humidity anomalies
over the entire Sahel and positive anomalies in the equatorial regions (Eastern Atlantic
and coastal and central Africa). This is also marked by weakening of the monsoon flow
inside the African continent. Similarly for AMIP East Sahel, decrease in precipitation is
explained by the stabilization mechanism as represented in Figure 4.21 and Figure 4.20, b.

In the AMIP west Sahel (Figure 4.22, a), despite the fact that the BL is warmer than
the free atmosphere, the specific humidity instead decreases. Again as the BL is warmer,
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Figure 4.19: JAS ENSO composites (difference between El Nino minus La Nina anomalies)
for the vertical cross section (latitude-height) of: temperature (a) and Specific humidity
(b), averaged over the entire Sahel (21W-40E) for NCEP-NCAR. The z axis represents
latitude from 30S-30N. The horizontal dashed lines at 10 represent 200hPa and the vertical
ones separe the different regions
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Figure 4.20: JAS ENSO composites (difference between El Nino minus La Nina anomalies)
of Specific Humidity (color) and 925hPa winds (vectors) for: NCEP-NCAR (a) AMIP (b)

and AMIPlike (c).
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deep convection should be enhanced but due to the fact that the moisture supply sig-
nificantly increases at the edge of the convective zone (here Gulf of Guinea), this leads
to an increase precipitation over West Sahel as shown in Figure 4.20, b, western African
side. Again, dynamical effects (weakening of the monsoon flow) are still involved but the
thermodynamical effects through the moisture supply are strong enough to overcome the
dynamics.

We should note that in AMIPlike Figure 4.22, b, despite the fact that moisture supply in
the lower levels originates from the Sahel instead from the Gulf of Guinean (Figure 4.22, b)
as in the case of AMIP West Sahel, the same result persists: wetter Sahel (Figure 4.20, ¢).

In general, one of the problems of the coupled model/AMIPlike, is that it is able to
reproduce the observed features of variability but in the opposite sign. The sensitivity of
the zonal dipole rainfall pattern in AMIP to ocean SST's has been tested in the [9] Camin-
ade et al.2010 using another model. They found that the model was very sensitive to the
SST warming over the Gulf of Guinea, rather than the Atlantic SST dipole itself. This
had leaded to increased convergence (and precipitation) over west Africa and decrease
convection over eastern Africa as reproduced here.

4.3 Summary and conclusions

The model used here is capable to reproduce the low frequency Sahel rainfall variability
and still has problems for higher frequency of variability. Our hypothesis is that competing
forcings between dynamics and thermodynamics are playing the role. Furthermore, the
ability of the model when forced with model SSTs to reproduce the long term Sahel
drought enhances this last hypothesis. Model seems to exhibit a strong relationship to
radiative forcing at the low frequency variability mainly due to ASAs. If this hypothesis
is true, this could be an important result for the future global warming studies. We will
pay more attention on this issue in the following chapter.
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Figure 4.21: Same as Figure 4.19 but AMIP FEast Sahel (13E-40F).
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(a) AMIP West Sahel (b) AMIPlike Sahel
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Figure 4.22: Same as Figure 4.19 but for AMIP West Sahel (21W-10E), left and AMIPlike
entire Sahel (21W-40E), right.
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Chapter 5

Results: Role of Anthropogenic
Sulfate Aerosols

In this chapter, additionally to the analyses of AMIP and AMIPlike runs, AMIP-Aero
and AMIPlike-Aero, runs with climatology Anthropogenic sulfate aerosols, are examined
to evidence their role on the Sahel rainfall at the decadal time scale. For the purpose, two
indices (following [10] Chang and Chiang et al.2011) are computed in order to highlight
the Atlantic interhemispheric SSTs/Aerosols loading gradient and their impact on Sahel
rainfall.
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5.1 State of the Art of model Sulfate Aerosols influ-
ence on WAM

As concluded in the previous chapter and accordingly to other works ( [25] Folland et
al.1986, [80] Ward 1998, [27] Giannini et al.2003), the multidecadal fluctuations of Sahel
summer rainfall in the 20th century do not appear to be related to El Nino Southern oscil-
lation (ENSO). A few works have explained the long-term decrease of 20th century Sahel
rainfall with the combination of external anthropogenic forcing and internal variability
( [30] Held et al.2005, [5] Biasutti and Giannini 2006, [38] Kawase et al.2010). In fact, [30]
Held et al.2005 analyzed initial condition ensembles of two versions of a coupled model,
and concluded that the drying Sahel trend is partly anthropogenically forced (aerosol load-
ings and GHGs emissions) and partly due to internal variability of the ocean-atmosphere
climate system. The comparison between the GHGs and Aerosol forcing on the African
climate leads to the conclusion that: global warming due to GHGs exhibits a minor but
positive impact on precipitation. On the contrary, seasonal rainfall amount is largely
reduced in response to increased atmosphere aerosol burden from biomass burning, fossil
fuel combustion ( [58] Paeth and Feichter 2006).

Sulfate aerosols influence climate directly (via the direct radiation effect) by scatter-

(a) (b)

1950-2004 Mean Surface mass fract. of Sulf. Aero. 10°-09

1950-2004 mean Mass fract. of Sulf. Aero. 10*-09

T

Figure 5.1: 1950-2004 Spatial distribution of the surface summer ASAs ( mass fraction
of sulfate dry aerosol in air expressed in sulfur kg/kg) - (a) and the time series of the
corresponding global surface summer mean - (b)

ing or absorbing solar radiation, and indirectly, by changing the microphysical properties
of clouds. The indirect impact acts in two different ways:

1- the ability of aerosol to change cloud albedo by changing the number of cloud droplets,
which can subsequently scatter a different amount of solar radiation, making the cloud
more or less reflective (the first indirect effect, [78] Twomey 1977);

2- changing the precipitation characteristics of clouds and increasing cloud lifetime (the
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second indirect effect, [1] Albrecht 1989).

Modelling work by [36] Jones et al.2001 suggests that the first indirect effect may have a
greater impact on climate than the direct effect which is to cool the climate.

Sulfate aerosols are concentrated mainly in the Northern hemisphere as illustrated by
Figure 5.1, a, and have increased much during the second half of the 20th century due to
human activity, Figure 5.1, b. Their overall effects decrease the absorbed solar radiation
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Figure 5.2: Mean Summer 1950-2004 925hPa Temperature difference between: AMIPlike
with Varying ASAs minus AMIPlike-Aero with Climatological ASAs.

and induce a strong local cooling as evidenced in Figure 5.2 where the mean summer 1950-
2004 surface temperature difference between AMIPlike and AMIPlike-Aero is displayed.
On average, AMIPlike has more ASAs that AMIPlike-Aero and Figure 5.2 indicates the
impact of increased aerosol. There is cooling over North Africa, Europe, far North At-
lantic and in the Sahel but there is actually warming off the coast of Spain and North
West Africa. This could be relevant for Sahel rainfall. The idea is that their location
in the Northern hemisphere could have significantly contributed to an interhemispheric
SST gradient (North ocean colder than South), which substantially have altered lower
circulation and rainfall ( [32] Hulme and Kelly 1993, [85] Williams et al.2001, [63] Rot-
stayn and Lohmann 2002, [4] Baines and Folland 2007). Especically, Tropical Atlantic
and the interhemispheric gradient of SSTs have been shown to be impacted by ASAs
( [63] Rotstayn and Lohmann, 2002) and consequently, have leaded to a southward shift
of the tropical rainfall including Sahel rainfall as represented in Figure 5.3. Increased
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AMIPLIKE: Varying minus Climatol. Sulf. Aero. JJA Rainfall

g,

GON

BON %}

40N

SON

20N

10M

EQ

105

205

Figure 5.3: Mean Summer 1950-2004 Precipitation difference between: AMIPlike with
Varying ASAs minus AMIPlike-Aero with Climatological ASAs.

ASAs has a huge impact in the indian Ocean / South-East Asia sector as well and may be
a response to aerosol forcing. Consequently, the diabatic heating anomalies in this sector
may have impacted into West Africa and increased rainfall over there. This point needs
more investigation in the future research.

5.2 Results of the EOF Analysis

When prescribing ASAs to climatological (Figure 5.4), the spatial patterns of rainfall vari-
ability look very similar to the ones discussed in the previous chapter with varying ASAs,
Figure 4.7. AMIP-Aero EOF1 represents the Sahelian mode and its variability explains
29% of the total variance (a) and AMIP-Aero EOF2, the zonal dipole representing 22%
of the total variance (b). AMIPlike-Aero EOF1 (c) explains 29% of the total variance
and seems to represent the Sahelian mode and AMIPlike-Aero EOF2 (22%), presents a
meridional dipole (d).

The decadal components (21-year running mean) of the corresponding PCs are given in
Figure 5.5 for PC1 (a) and PC2 (b). Interestingly, only AMIP-Aero PC1 (Figure 5.5, a,
green) is able to reproduce the long Sahel drought and highly correlates (0.86) with the ob-
served PC1 (black line). AMIP-Aero PC2 (blue) and AMIPlike-Aero PC2 (dark orange)
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Figure 5.4: AMIP-aero: EOF1 (a); EOF2 (b) and AMIPlike-Aero: EOF1 (c); EOF2
(d) applied for the same area and time period as in Figure 4.7. Units are mm/day per
standard deviation of the associated principal components (PCs). The explained variances
are given in the text. Only 95% significant results are shown.
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Figure 5.5: Low frequency component of the Standardized principal components (PCs) for
runs with prescribed climatological aerosols. In both plots, black line represents CRU PC1.
Model PC1 (a) and PC2 (b): AMIP-Aero (dashed blue), AMIPlike-Aero (dark orange).
Model Correlations with CRU PC1 are given in the legend.
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on Figure 5.5, b, do not reproduce the long Sahel drought anymore and have low cor-
relations with observation (0.39 and 0.34 respectively). AMIPlike-Aero PC1 (Figure 5.5,
a, dark orange) instead negatively correlates with observation (-0.72). These results il-
lustrate the evidence that, additionally to SSTs, ASAs have played a role in shaping the
long Sahel drought as well and should be considered as an important component in GCMs
especially when used in coupled mode.

Regression of the global summer SSTS onto the decadal and residual components of
the corresponding PCs for AMIP-Aero is shown Figure 5.6 and for AMIPlike-Aero in
Figure 5.7. At the decadal time scale, when forced only with prescribed observed SSTs,
AMIP-Aero Sahel drought is forced by an interhemispheric SSTs pattern: warm SSTs
anomalies in the northern hemisphere and cold SSTs anomalies in the South (Figure 5.6,
a). The Gulf of Guinea SST's plays a great role at the interannual time scale (Figure 5.6,
b). The second mode of rainfall variability (zonal dipole) seems to be related to an inter-
hemispheric SSTs pattern of variability in the Atlantic at the decadal scale (c¢) and in the
western Pacific and eastern equatorial Atlantic at the interannual time scale (d).

Similarly, the regression of AMIPlike-Aero global summer SSTs onto the correspond-
ing PCs components is shown in Figure 5.7. As expected, the model does not show any
evident relationship to SSTs at the decadal time scale (a and c) and most of the African
rainfall variability is mainly related to the SSTs variability in the Pacific and in the trop-
ical Atlantic at the interannual time scale (b and d).

In conclusion, when the model is set in uncoupled mode with climatological ASAs, it is
important to force it at the bottom boundaries with prescribed observed SSTs in order
to reproduce the long drought that governed the Sahel region in 1970s-1980s. AMIPlike-
Aero run, forced with model SSTs and no realistic (climatological) ASAs, is not able to
reproduce the Sahel drought anymore.

5.3 Mechanism of the Rainfall Variability: Interdecadal
time scale

[10] Chang and Chiang et al.2011 concluded that the tropical Atlantic interhemispheric
SST gradient significantly influences the rainfall climate of the tropical Atlantic sector,
including droughts over West Africa. This secular trend is exhibited from the beginning
of the twentieth century until the 1980s, with stronger warming in the south relative to
the north. They showed that the trend behavior is on top of a multidecadal variation
associated with the Atlantic multidecadal oscillation (AMO). We follow the procedure
they used to derive two indices of the Atlantic interhemispheric SST and sulfate aerosol
gradients hereafter ATHG and STHG indices respectively. ATHG is obtained by substract-
ing the average SST across the entire tropical North Atlantic basin (5-35N, 0-80W) from
the tropical south Atlantic (5S-20S, 60W-20E) and applying a 21-year running mean to
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(a) AMIP-Aero PC1 Decadal (b) AMIP-Aero PC1 Residual
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Figure 5.6: Same as Figure 4.14 but for AMIP-Aero with climatological ASAs.
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(a) AMIPlike-Aero PC1 Decadal (b) AMIPlike-Aero PC1 Residual
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Figure 5.7: Same as Figure 4.15 but for AMIPlike-Aero with Climatological ASAs.
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emphasize multidecadal and longer time-scale variations. The same is done (now North
minus South) for STHG, difference between two boxes: North Atlantic (20N-60N, 0-80W)
minus South Atlantic (20S-60S, 60W-20E).

Over North America and Europe as shown in Figure 5.1, b, sulfate emissions continu-
ously increased until late 1970s (Figure 5.8, black line) and then started declining ( [72]
Smith et al.2001) because of legislation in North America and Europe in the 1960s and
1970s that mandated reductions in atmospheric pollution. Overall, the interhemispheric
SST gradient - AIHG (same plot, dark orange (model) and dashed blue lines (observa-
tions)), exhibits a long-term increasing trend (south warmer than north) superimposed
on a pronounced multidecadal variation throughout the twentieth century. The observed
ATHG peaks in the 1980s and follows the variations of the sulafte aerosols with a delay
phase. The model ATHG follows the STHG in the early 1950s till mid-1960s where it seems
to be leading the sulfate aerosols variations (probably due to the internal variability of the
model) till mid-1970s when it started following the SIHG. The correlations between the
ATHG and SIHG time series are relatively high: 0.87 for Model (AMIPlike) and 0.80 for
observation (AMIP), both simulations forced with varying aerosols. Despite some evident
differences noted on Figure 5.8, we can conclude that sulafte aerosol forcing has been one
of the leading cause of the twentieth century trend in the ATHG.

5.3.1 Direct Sulfate Aerosols influence on SSTs

Correlations of the global SSTs and ASAs with the multidecadal index ATHG are shown in
Figure 5.9. In AMIP /observation, Figure 5.9, a, a strong interhemispheric SST gradient
pattern in the Atlantic is evidenced: Southern Atlantic warmer than Northern hemi-
sphere. The corresponding correlation with the SITG reflects also the interhemispheric
ASAs gradient (b): more sulfate loadings in the northern hemispere compared to the
southern hemisphere.

AMIPlike somehow reproduces the interhemispheric gradient in SSTs (Figure 5.9, ¢) and
in ASAs (Figure 5.9, d).

As discussed in some studies ( [50] Moura et al.1981, [16] Chiang et al.2000, [17] Chi-
ang et al.2002), the interhemispheric SST gradient has a strong dynamical control on the
ITCZ position and as a result, shifts the Atlantic ITCZ southward. This could also be,
one of the reason why the coupled model and AMIPlike runs shift the global precipitation
Southward as discussed in the third chapter of this work.
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Figure 5.8: Area-averaged Atlantic SSTs and surface sulafte aerosol emissions from the
forcing applied for AMIP and AMIPlike. Black line, difference between North Atlantic
(20N-60N, 0-80W) minus South Atlantic (20S-60S, 60W-20E) surface sulafte aerosol
emissions. Dark orange (model) and green (observed) lines correspond to the difference
between tropical south Atlantic (55-35S, 60W-20F) and tropical North Atlantic basic (5-
35N, 0-80W), south minus north. A 21-year running mean is applied to the two time
series to emphasize multidecadal and longer time-scale variations.
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(a) Observations AIHG (b) Observations SIHG

(c) Model ATHG

Figure 5.9: Correlation of AIHG (left) and SIHG (right) indices with AMIP/observed (a
and b) and modelled (¢ and d) SSTs .
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Figure 5.10: Correlation of global precipitation (snapshot on Africa) for AMIP (a and
b) and AMIP-Aero (¢ and d) with the corresponding AIHG (top row) and SIHG (bottom
row) indices.
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5.3.2 Indirect Sulfate Aerosols influence on rainfall

The terminology Indirect is employed here to refer to the influence that Sulfate aerosols
might have on African rainfall by means of the Atlantic SSTs, given their strong relation-
ship through the above computed indices. The correlation maps of the global precipitation
focusing on Africa with the multidecadal ATHG and SIHG indices for runs with varying
and climatological sulfate aerosols are displayed in Figure 5.10 and Figure 5.11, where
SSTs are forced to follow observations and model respectively.

Figure 5.10, a, shows that when the AMIP run is performed with prescribed varying
sulfate aerosols, a negative correlation exists between the ATHG index and rainfall over
Central FEastern Africa and Europe. There is a zonal dipole in the Sahara rainfall vari-
ability with negative correlation to AIHG in the West Sahara and positive correlation in
the east Sahara. These correlation patterns between AIHG and Africa rainfall are similar
when considering the Sulfate aerosol interhemispheric gradient index (Figure 5.10, b).
On the contrary, when the AMIP run is performed with prescribed climatological sulfate
aerosols, AMIP-Aero, (Figure 5.10, c¢), the negative correlation between ATHG and rain-
fall still exists over central eastern Sahel. Additionally, there is an increase of negative
correlation over West Sahel. The negative correlation over Europe disappeared. The
same results are found when correlating the SITG and the rainfall (Figure 5.10, d). So
indirectly, via Atlantic SSTs, the loading of the ASAs has dried up the entire Sahel region.

The same analyses are performed for AMIPlike runs. AMIPlike run, (with prescribed
modelled varying SSTs and ASAs), Figure 5.11, a, presents a negative correlation between
ATHG index and rainfall over the entire Sahel and West Europe. A positive correlation
instead exists over South Africa. The same conclusions are true for correlations between
STHG index and rainfall. AMIPlike with no real forcings, AMIPlike-Aero (with prescribed
modelled varying SSTs and climatological ASAs) reflect, as expected, no Sahel rainfall
relationship to Atlantic SSTs (c) and Sulfate aerosols (d) at the multidecadal time scale.
A negative link instead exists between the two indices and the East Europe rainfall.

5.4 Summary and conclusions

We have shown that atmospheric model forced with prescribed model SSTs, is also able
to reproduce the long term Sahel drought as far as the SST's contain an imprint of varying
ASAs. There is a strong correlation between the tropical Atlantic interhemispheric SST's
and sulfate aerosols gradients indices, which negatively correlate with Sahel rainfall. The
mechanism through which this occurs can be described as follows: the larger loadings
of ASAs in the atmosphere during 1970s-1980s in the northern hemisphere compared to
the south, has created an interhemispheric SSTs gradients in the Atlantic. This Atlantic
interhemispheric ASAs loading gradient has locally modified the oceanic and atmospheric
circulations that has consequently, additionally to the global ocean SSTs effect, caused
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(a) AMIPlike AIHG (c) AMIPlike-Aero AIHG

(b) AMIPlike STHG (d) AMIPlike-Aero STHG

Figure 5.11: Correlation of global precipitation (snapshot on Africa) for AMIPlike (a
and b) and AMIPlike-Aero (¢ and d) with the corresponding AIHG (top row) and SIHG

(bottom row) indices.
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the drying of the Sahel and reduction of rainfall over Europe. These results additionally
to the traditional southward shift of the Atlantic ITCZ belt found in the litterature, show
, for the first time, an evidence of Sulfate aerosol impacts on the Sahel drought.
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Conclusion and Outlook
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5.5 Summary and Conclusions

In this thesis, we first investigated the Summer West African Climate in terms of climato-
logy, variability and associated main mechanisms that governed the climate of the region
during the second half of the last century, at the interannual and decadal time scales.
Then, We focused on the understanding of the role that the main contributors (Sea Sur-
face Temperatures, SSTs, and Anthropogenic Sulfate Aerosols, ASAs) have played in
shaping the climate of West Africa - WA. This has been done through model simulations
performed in coupled (ocean-atmosphere) and uncoupled (prescribed SSTs) modes with
ASAs set in different configurations. All the simulated results have been compared to
observations.

1. The results show that the basic structure of the WA climate, such as the mon-
soon flow in the lower troposphere, the AEJ and the TEJ in the mid and upper
troposphere, may be reasonably simulated by the model forced with observed SSTs.

2. The AMIP run systematically overestimates the strength of the AEJ inland due
to the overestimation of the low level temperature gradients between Sahara and
Tropical Africa. Besides, the simulated monsoon flow does not penetrate enough
inland, because of an underestimation of the low level temperature gradients between
ocean and land.

3. In coupled atmosphere-ocean mode or with prescribed SST's from coupled model, the
WA summer mean climate features are also captured. The strength of the monsoon
flow is well captured; the strength of the AEJ as well, although, its core is too wide.
The strength of the TEJ is underestimated and its flow, limited to the Indian Ocean
and does not propagate westward. This could be related to the convection scheme
used or can be the hallmark sign of years of reduced Sahel precipitation as proposed
by [52] Newell and Kidson 1984; [54] Nicholson anf Grist 2001.

4. Simulated seasonal rainfall climatologies are generally consistent with observations.
Model captures the rainfall spatial variability, the north-south migration of the ITCZ
and the associated low-level circulation and phase. On the other hand, it shows a
clear southward shift of the I'TCZ and underestimates the amplitude of the Sahel
rain season. AMIPlike and AOCOUP capture well the phase of the two rainy seasons
in the equatorial Africa but overestimate their magnitudes in the western region and
underestimate them in the east. In general, AMIP seems to perform better in the
Sahel, while AOCOUP and AMIPlike show higher skill in the equatorial region.

5. SSTs - WA rainfall first pattern of covariability relies, at the decadal time-scale,
negative Sahel rainfall with an nterhemispheric global SSTs pattern (warm in the
North and cold in the South). At the interannual time-scale, Sahel drought is related
to SSTs variability in the Pacific mainly related to ENSO. The second pattern
of covariability relies guinean coast rainfall to variability in the eastern equatorial
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Atlantic at the interannual time-scale. This is inextricably tied to the Atlantic
marine I'TCZ which in turn is related to the local walker circulation.

6. The AMIP run forced with climatological ASAs is able to reproduce very well the
drying tendency of the Sahel. The varying ASAs limit the drying trend to the
central east Sahel, and the EOF analysis does not show a clear separation between
the continental Sahel and the oceanic guinean coast rainfall patterns of variability
anymore. The reproduced drying trend in the Sahel rainfall on one hand, and the
Central East Sahel rainfall on the other, has been linked in general to an interhemi-
spheric large scale SST mode at the multidecadal time scale plus the effect of the
Pacific at the interannual time-scale.

7. The warming of the Pacific Ocean leads to a homogeneous increase of the tropo-
spheric temperature over the tropics, that in turn leads to an anomalous inflow of
dry air (originating from the subsidence region Sahara) into the Sahel (central east
Sahel). This chain of processes is called upped-ante mechanism. At the interannual
time scale, SSTs and ASAs influence west Sahel rainfall variability (through the
so-called anomalous gross moist stability mechanism) as local anomalous moisture
supply at the edge of the convection zone (Gulf of Guinea) is strong enough to
overcome large-scale dynamics.

8. When the model is forced by prescribed AOCOUP SSTs and climatological ASAs,
the two dominant patterns of rainfall variability over WA seem to be mostly linked to
La Nina events in the Pacific. The drying trend in Sahel rainfall is not reproduced.
Interestingly, when uses in coupled mode or uncoupled mode prescribed coupled
model SST's, the model is able to reproduce the drying trend in Sahel rainfall when
the effect due to varying ASAs is added.

9. Teleconnection between ASAs and WA rainfall has been established through the
computation of ATHG and SIHG indices. This indirect impact of ASAs on the WA
rainfall has been revealed to be possible through the modification of the AMO: the
asymmetric increase of ASAs in the two hemispheres has induced, an asymmetric
modification of SSTs in the Atlantic, that in turn affected the Atlantic multidecadal
oscillation (AMO) and tropical rainfall accordingly.

5.6 Discussion and Outlook

Some outlooks are proposed.

e The results presented in the last chapter of this work demonstrate that ASAs may
play a potentially major role in the Sahel rainfall decadal variability : ASAs seem to
have substantially altered low-latitude circulation (especially in the Atlantic) that
in turn has led to negative rainfall trend in the Sahel. Further studies are desirable,
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with more complete treatment of aerosols. For instance, it has been shown in [68]
Ramaswamy et al.2001 that dust aerosols, which are mainly produced in the Sahara,
have a potential impact on both shortwave and longwave radiations through aerosol-
cloud interactions.

e More work is still needed to assess the relative role of internal ocean-atmosphere
generated SSTs versus ASAs driving, using for example AMIP and AMIP-Aero
to identify what fraction of the role of SSTs was (i) attributed to internal ocean-
atmosphere process, (ii) driven by aerosol variations.

e Additionally, land surface properties, such as the vegetation dynamics and land use
change, should be included as forcing as it has been shown to amplify the variability
of Sahel precipitation ( [40] Kucharski et al.2012).

e The possible role of varying ASAs on Sahel drought found in this work suggests
that, on the other way, regreening conditions observed in the Sahel at the end of the
20th century could be due to the decrease in ASAs emissions after 1980s as imposed
by the world legislation laws. This possibility should be taken into consideration in
future studies dealing with climate change scenarios.

e Finally, every experiment performed in this work, made use of one member only.
It would be interesting to extend our experiments making use of a set of multiple
members simulations. Besides, some sensitivity experiments with the same model
configuration but focusing, for instance on different ocean basins, could also be a
good exercise. A particular interest could be dedicated to the role of the North At-
lantic with respect to global tropical ocean on the WA rainfall as an evident imprint
of ASAs has been particularly revealed in the area. Additionally, plannification of
multi-model comparison that includes the same experimental design we used here
could be important.
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