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This chapter provides a description of the West African monsoon (WAM) and of its variability 
at a wide range of space and timescales. After summarizing the current understanding of its 
annual cycle, we analyze its variability on interannual and longer timescales including how 
the WAM may change in the coming century. The intraseasonal variability and its 
understanding are then addressed. Finally we summarize the recent progress made concerning 
weather systems and process studies. 

The chapter also highlights the increased interest and research activity concerned with the 
WAM that has developed substantially in the past decade. Much of this can be attributable to 
the AMMA project (Redelsperger et al. 2006) and the contributing scientists who were able to 
mobilize resources to support observations and research and who continue to help 
coordinating international research on the WAM (see http://www.amma-international.org). 

1. Introduction 

III 

The West African monsoon (WAM) is a coupled atmosphere-ocean-Iand system characterized 
by summer rainfall over the continent and winter drought. The processes that couple the land, 
ocean, and atmosphere involve multiple interacting space- and time- scales. Many of the key 
scientific questions that relate to these scale interactions cannot be answered using routinely 
available observations and reanalysis data sets. This is due to a combination of the sparsity of 
the routine observing network over and around West Africa, the need for specialized 
observations of various climate system parameters, and the known deficiencies of GeMs 
used for weather and climate prediction and relied upon for producing reanalyses. 

As with all monsoon systems, the evolving ocean and land conditions are crucially 
important for determining the nature of the WAM and its variability. In particular, prospects 
for improving seasonal to interannual prediction of the W AM heavily rely on the potential 
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112 Serge Janicot et at. 

predictability of these surface conditions, our ability to observe key surface variables needed 
to initialize dynamical models, and the skill of these models to simulate subsequent evolution 
of the surface variables. 

In this chapter, we begin in Section 2 by summarizing the current understanding of the 
mean annual cycle of the W AM system. It is very likely that problems GCMs and CGCMs 
have in predicting the W AM climate arise through a misrepresentation of the basic mean 
annual cycle. In this regard it is important that we understand better the key atmosphere, land, 
ocean interactions that take place in association with the annual cycle. In Section 3 we will 
focus our attention on the variability of the W AM on interannual and longer timescales 
including how the W AM may change in the coming century. In Sections 4 and 5 we discuss 
the variability of the WAM at intraseasonal and weather timescales respectively. The 
motivation for this is two-fold: (i) There is a need to better understand key processes 
associated with the interactions between atmosphere, land and ocean as well as between 
dynamics and convection - fundamentally these need to be studied at intraseasonal and 
shorter timescales. We believe that model improvements at these timescales will very likely 
have positive implications for longer timescales; and (ii) Almost all societal applications 
require information about the statistics of weather systems and so it is important that we 
improve our understanding and ultimately our ability to predict this variability. 

2. The Mean Annual Cycle 

The mean seasonal cycle of rainfall over West Africa is presented in Fig. 1 through a time­
latitude cross-section. It corresponds to a south-north-south displacement of the inter-tropical 
convergence zone (ITCZ), which is not a smooth one but is characterized by a succession of 
active phases and pauses in the convective activity. These different steps have been identified 
statistically by Louvet et al. (2003). Two of them are located at the time of the first rainy 
season along the Guinean Coast in April and May. The third one is what called the "monsoon 
onset" at the end of June. A weaker one occurs during the monsoon season in August. The 
monsoon onset is the strongest one and corresponds to a weakening of the convective activity 
associated with an abrupt shift to the north of the ITCZ, from 5°N to 100 N (Le Barbe et al. 
2002; Sultan and Janicot 2003; Gu and Adler 2004). Over the period 1968-2004, its average 
date is June 24th, with a standard deviation of 7 days. 

The coupled air-sea character of the African monsoon is well-known and could regulate 
the different steps of the ITCZ annual cycle. The annual cycle of the sea surface temperature 
(SST) in the Gulf of Guinea is asymmetrical with a rapid cooling from the highest SST in 
April to the lowest SST in August, and a gradual increase up to the next April. The SST 
warming at the beginning of the year can explain the rainfall increase observed over the gulf 
of Guinea starting in March. The fact that SST begins to cool in April, at the onset of the first 
rainy season along the Guinean Coast, is probably not a coincidence. This evolution results 
from positive feedbacks between the enhancement of the monsoon winds above the Guinea 
Gulf associated with the convection enhancement in the ITCZ, the set-up of the equatorial 
upwelling, the extension of the cooling in the southern tropical Atlantic associated with the 

 T
he

 G
lo

ba
l M

on
so

on
 S

ys
te

m
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

A
T

IO
N

A
L

 T
A

IW
A

N
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
03

/0
1/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



The West African Monsoon 113 

strengthening of the Santa Helena anticyclone and the enhancement of the southern Hadley 
circulation, and the occurrence of low-level stratus clouds over these cold waters (OkUlnura 
and Xie 2004). This scenario has been exmnined recently both through new observational 
datasets and modelling experiments. Gu and Adler (2004) confinned it by using recent 
satellite observation of the 1998-2003 high-quality Tropical Rainfall Measuring Mission 
(TRMM) water vapour and cloud liquid water, TMI SST, and QuikSCAT surface wind 
products. Okumura and Xie (2004) tested the impact of the SST in the Guinea Gulf on the 
West African Inonsoon. They compared in modelling experiments the evolution of the 
Inonsoon forced in an atlnosphere model by the annual cycle of the SST with this evolution 
where the annual cycle of the SST is held constant in time at the mid-April values. They 
showed that the equatorial cooling exerts a significant influence on the African monsoon by 
intensifying the southerly winds in the Guinea Gulf and pushing the continental rainband 
inland. This evolution feeds back positively: first, it contributes to trigger this oceanic cooling 
in the east; second, easterly winds accelerate in the equatorial Atlantic during northern 
SUlTImer, inducing local upwelling and raising the thennocline in the east, contributing to the 
westward propagation of the cool equatorial SST. 
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Figure 1. The mean seasonal cycle of rainfall over West Africa through a latitude cross-section. Precipitation 
values (mm day- I) from CMAP dataset are averaged over lOOW - lODE and over the period 1979-2000. The 
black horizontal line represents the Guinean coast. Vertical lines represent the different steps of the annual 
cycle, detected through Varimax Principal Component Analysis (Louvet et al. 2003). The red vertical line 
corresponds to the summer monsoon onset. 

In a set of experilnents, Biasutti et al. (2003, 2004, 2005) investigated the mechanisms 
controlling the annual cycle of the ITCZ over West Africa and the tropical Atlantic by 
comparing the relative importance of insolation over land and of the SST. As for Okomura 
and Xie (2004), they compared the evolution of the ITCZ in an atmospheric model between a 
realistic annual cycle and an annual cycle where SST and/or insolation is held constant in 
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114 Serge Janicot et af. 

time from March onward. They concluded that West African rainfall is significantly 
influenced by SST through the advection of marine boundary layer temperature anomalies 
over Africa which causes the development of sea level pressure and surface wind 
convergence anomalies. They showed also that the seasonal changes in insolation control the 
seasonal changes in the net budget of energy input in the atmospheric column, which is 
balanced by horizontal energy export in the thermally direct circulation associated with 
convection in the ITCZ. This modulates the moisture advection inland and controls the 
rainfall production over West Africa. 

The mechanism associated with this abrupt ITCZ shift is however still unclear. Another 
hypothesis highlights the role of the Saharan thermal low, which increases at the time of the 
onset, leading to higher moisture advection inland, and which could be due to some 
interactions with the North Africa orography (Sultan and Janicot 2003; Drobinski et aZ. 2005) 
combined with the spatial distribution of albedo and net shortwave radiative budget at the 
surface (Ramel et aZ. 2006). Recently Ragos and Cook (2007) provided a more 
comprehensive explanation based on the concept of inertial instability of the monsoon system 
(Thomas and Webster 1997). Because of the distribution of albedo and surface moisture, a 
sensible heating maximum is in place over the Sahel region throughout the spring. In early 
May, this sensible heating drives a shallow meridional circulation and moisture convergence 
at the latitude of the sensible heating maximum, and this moisture is transported upward into 
the lower free troposphere where it diverges. During the second half of May, the supply of 
moisture from the boundary layer exceeds the divergence, resulting in a net increase of 
moisture and condensational heating into the lower troposphere. The resulting pressure 
gradient introduces an inertial instability, which abruptly shifts the midtropospheric 
meridional wind convergence maximum from the coast into the continental interior at the end 
of May. This in tum introduces a net total moisture convergence, net upward moisture flux 
and condensation in the upper troposphere, and an enhancement of precipitation in the 
continental interior through June. Because of the shift of the meridional convergence into the 
continent, condensation and precipitation along the coast gradually decline. 

We still lack a comprehensive view of the annual cycle of the W AM combining the 
internal atmospheric dynamics with land and ocean atmosphere interaction processes. This is 
true for its onset and also to better explain the asymmetry in latitude of the installation/retreat 
phases of this monsoon system. This is one of the objectives of the African Monsoon 
Multidisciplinary Analyses (AMMA) project which has implemented in West Africa over the 
seasonal cycles 2005-2007 a network of enhanced radiosounding stations, a network of flux 
stations measuring the radiative budget at the surface, sensible and latent heat fluxes, and soil 
moisture profiles, in parallel with two oceanographic campaigns per year in the Guinea Gulf. 

3. Variability ofthe West African Monsoon at Interannual and Longer Timescales 

Figure 2 shows the well-known time series of rainfall anomalies over the Sahel, updated over 
the period 1905-2006. While the first part of the 20th century has been characterized by a 
succession of short wet and dry periods, the second part of the century has known a very 
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unusual evolution of rainfall with a 20-year wet period followed by another 20-year dry 
period. This long-term negative trend of rainfall has an amplitude that has not been observed 
anywhere in the world during this century. Since the mid-1980's, we see a tendency towards 
some recovery even if the rainfall anomalies are still mostly negative. This tendency is lTIOre 
lTIarked over the eastern part of the Sahel than the western part (not shown). For the Gulf of 
Guinea coastal region, the interannual variability dominates the rainfall time series for the last 
century (e.g. , Rowell et al. 1995; Ward 1998). 

Indlce pluvlometrlque sahellen calculi! a partir de grilles pluviometrlques krlgees 

-·l -- C
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-~ - --1---~ ---~ --i - --1---!- - -~- - -t ---i ---c-- - j - - -, - --1-- -~ -- -+ -- - ~ -

-. ~ -- -1- --t ---j- --1- -- ~ ---:---
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Figure 2. The corresponding May-September Sahelian rainfall index, expressed in normalized anomalies, is 
computed from 1905 to 2006 by averaging rainfall data over (13°N-17°N, 17°W-22°E). Source of the data is 
AGRHYMET. 

3.1. Understanding of Interannual Variability 

The research of the last 30 years has established that the interannual variability of WAM 
seasonal rainfall exhibits distinct spatial modes of behavior, and that some of those modes are 
forced by large SST anomaly patterns. WAM seasonal rainfall anOlTIalies tend to be of either 
(a) opposite sign between the Sahel-Soudan zone and Gulf of Guinea coastal region (i.e., a 
"dipole"; Lamb 1978a; Nicholson 1980) or (b) the same sign across all of the Subsaharan 
West Africa (Nicholson 1980). The dipole rainfall behavior has been linked to the interannual 
variability of tropical Atlantic SST anomaly patterns (e.g., Lamb 1978 a, b; Lamb and 
Peppler 1991, 1992; Rowell et al. 1995; Ward 1998). Sahel-Soudan drought accompanied by 
Gulf of Guinea wetness is associated with cold (warm) SST anomalies north (south) of looN, 
and vice versa. In contrast, the extension of drought conditions all the way from the Sahara 
Desert to the Gulf of Guinea coast has been found to coincide with El Nino events in the 
tropical Pacific Ocean (e.g. , Folland et al. 1986; Palmer 1986; Palmer et al. 1992; Rowell et 
al. 1995; Ward 1998; Giannini et al. 2003). 

Colder SSTs in the Gulf of Guinea region tend to be associated with a stronger moist 
static energy contrast between the land and the ocean and a stronger direct meridional 
circulation. Rainfall is increased in the Sahel and reduced in the Guinea coastal region. When 
the SSTs are warmer in the Gulf of Guinea the reverse is true. Zheng et al. (1999) also 
emphasized a second impact of the SST anomalies. While a stronger direct circulation may be 
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expected with colder SSTs in the Gulf of Guinea, the boundary layer will be expected to be 
drier due to reduced evaporation (Lamb 1983). The surface fluxes and moisture transports 
between the ocean and the land need to be investigated along with the processes that 
determine the variability and predictability of SSTs themselves. 

At the interannual time scale, the impact of El Nino events on Sahel drought has been 
described in several papers including, most recently, Rowell (2001), Janicot et al. (2001) and 
Giannini et al. (2003). Rowell (2001) examined in detail the mechanisms of this atmospheric 
teleconnection between the Pacific Ocean and Africa. He demonstrated, as for the mechanism 
linking MJO and African convection variability (Matthews 2004), the role of the 
development of an equatorial eastward propagating Kelvin wave from East Pacific convective 
heating anomalies, and westward propagating Rossby waves from the Indian Ocean in 
response to the anomalous West Pacific - Indian Ocean SST gradients via convective heating 
anomalies over the Indian Ocean. These interact over Africa to enhance large-scale 
subsidence over the Sahel and reduce seasonal rainfall totals. Janicot et al. (2001) showed 
that this Sahel - El Nino teleconnection has not been strong during the whole second part of 
the last century but has been significantly modulated by the decadal time scale SST anomaly 
pattern during this period. The long-term warming of the global SST mode, not only favours 
the long-term drying over the Sahel, but also helps to enhance the atmospheric teleconnection 
pattern linking El Nino events to Sahel rainfall deficits after 1980, through a fill-in of the 
monsoon trough and a moisture advection deficit over West Africa. An additional remote 
mechanism, which bridges the ENSO signal into the tropical Atlantic, is the tropospheric 
wave train emanating from the tropical Pacific and developing in the southern hemisphere 
(Huang 2004). 

Another ocean- African monsoon relationship at the regional scale concerns the role of 
the SST anomalies in the Mediterranean Sea. Rowell (2003) explored this teleconnection by 
forcing an atmospheric model in northern summer with idealized SST anomalies in this basin, 
either positive anomalies up to 2°C or negative ones down to -2°C, with climatological SST 
elsewhere. This experiment shows that positive Mediterranean SST anomalies leads to a 
wetter Sahel, local evaporation enhances over this basin, increasing the moisture content in 
the lower troposphere; this additional moisture is advected southward across the eastern 
Sahara by the mean flow, leading to enhanced low-level moisture convergence over the Sahel 
which feeds enhanced rainfall. Then positive feedbacks between convection and the local 
atmospheric circulation help to extend this anomaly. These results have been confirmed by 
Fontaine et al. (2009). Jung et al. (2006) also confirmed this link for the summer of 2003 . 

Also, we are aware that the substantial multi-decadal rainfall variability experienced in 
the Sahel during the 20th century has been associated with an interhemispheric SST anomaly 
difference, especially marked in the Atlantic, and including warmer-than-average low-latitude 
water in the Indian oceanic basin (e.g., Ward 1998; Janicot et al. 2001; Bader and Latif 2003; 
Giannini et al. 2003). More recently the Atlantic Multidecadal Oscillation (AMO) pattern has 
been highlighted (Sutton and Hodson 2005), strongly associated to the strength of the 
Thermo-Haline Circulation (THC; Gray et al. 2004). The AMO appears to present a 
dominant part of the decadal scale SST variability which has been impacting strongly Sahel 
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rainfall (Knight et al. 2006; Baines and Folland 2007). A present debate concerns the relative 
impact of AMO and Indian Ocean evolution on the recent recovery of Sahel rainfall since the 
mid-1980s (Hagos and Cook 2008). This is a key issue for the future West African climate 
since it is known that one of the impacts of increased greenhouse gas (GHG) concentrations 
might be a weakening of the THC which would impact the AMO pattern and lead to Sahel 
rainfall decreasing. 

3.2. Scenarios of the Climate Change Impact on the West African Monsoon 

Simulations of the climate change impact on the West African monsoon must be considered 
with great caution. Such scenarios are based on integrations of ensembles of coupled ocean­
atmosphere climate models combined with projections of various socio-economical 
developments. At the global scale, uncertainties come for an equal part from weaknesses of 
the models and incomplete knowledge of the future economical orientation. For instance Joly 
et al. (2007) showed that the models used for IPCC4 simulations are unable to reproduce 
accurately the relationships between Sahel rainfall and ENSO at interannual time scale as 
well as between Sahel rainfall and the interhemispheric SST gradient at decadal time scale. At 
the regional scale, uncertainties are larger, due in particular to the inability of the models to 
simulate accurately the small-scale processes as those associated to water cycle, convection, 
cloud-radiation and cloud-moisture feedbacks among others. Another problem, specific to the 
simulation of the West African monsoon, is the existence of a warm bias in the SST of the 
eastern oceanic basins in the coupled models. This is true for the eastern part of the southern 
tropical and equatorial Atlantic, which induces a weaker than normal African monsoon as we 
have seen above. 

In spite of these drawbacks in climate modeling, climate scenarios for the future are now 
regularly produced and scrutinized. The scenarios which have been produced for the IPCC4 
Report in 2007 do not provide a coherent response for West Africa and the Sahel region 
(Held et al. 2005; Cook and Vizy 2006; Lau et al. 2006; Biasutti and Giannini 2006). A 
primary question is to know whether the recent drought in the 1970s and 1980s (and now the 
partial recovery if it is confirmed) is more or less a consequence of the global increase of 
GHG or if it still comes from natural climate variability meaning that the global warming 
impact has been weak up to now. Some studies have linked the decadal scale inter­
hemispheric SST pattern evolution including the Indian Ocean warming to GHG and 
anthropogenic aerosols increase (Knutson et al. 1999; Stott et al. 2000; Rotstayn and 
Lohmann 2002) while others argued for natural variability (Hoerling et al. 2006). Biasutti and 
Giannini (2006) explored the whole IPCC4 dataset and estimated that at least 30% of the 
observed long-term drought during the 20th century was due to external forcing, that is most 
likely anthropogenically forced. They also highlighted the significant role of aerosols (mainly 
located in the northern hemisphere) in forcing the Sahel drought since simulations in which 
GHG are the only forcing do not provide a consistent 20th century response. This is in 
agreement with Hoerling et al. (2006) who suggested that the recent decrease of aerosols may 
explain the recent rainfall recovery in the Sahel. So considering all these results and model 
drawbacks, future West African climate remains highly uncertain. 
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4. Intraseasonal Variability 

In this section intraseasonal variability refers to timescales shorter than the season but longer 
than the timescales associated with individual weather systems such as synoptic African 
easterly waves (AEWs) (Reed et al. 1977; Berry and Thorncroft 2005; Kiladis et al. 2006), 
synoptic convectively coupled Kelvin waves (Mounier et al. 2007; Mekonnen et al. 2008) 
and the ubiquitous mesoscale convective systems (MeSs; Laing and Fritsch 1993; Hodges 
and Thorncroft 1997). There are two distinct periods that typify the observed intraseasonal 
variability: 10-25 days, the causes of which remain uncertain (Sultan et al. 2003; Mounier 
and Janicot 2004; Mounier et al. 2008; Taylor 2008; Janicot et al. 2010) and 25-60 days 
which, although climatologically weaker, may be related to the relatively better understood 
MJO (Mathews 2004; Maloney and Shaman 2008; Janicot et al. 2009; Pohl et al. 2009; 
Lavender and Matthews 2009). Figure 3 shows an example of such variability over the Sahel 
in 1968. Superimposed on the seasonal cycle of Sahel rainfall characterized by low rainfall in 
May and October and the highest values during the northern summer, sequences of more than 
10 days of persistent high or low rainfall amounts are evident. In particular low values 
between mid-July and mid-August correspond to a 40-day variability signal. 

55 

so 

40 

-~---------~----------------------. --

5 

12 
11 
10 

E 9 
8 ..s 7 
.; 

~ :; 
L1..J 
a:::: 4 
Cl- 3 

2 
I 
0 

Figure 3. Daily rainfall time series form 1st of May to 31 st of October 1968 averaged over (12 .soN-lsoN , 2.SOW-
2.5°E) (mm) and associated wavelet diagram. Data set is from IRD. 
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4.1. Understanding of Intraseasonal Variability 

While a considerable amount of research has been carried out on the relatively long seasonal­
to-decadal timescales (Lamb 1978a, b; Nicholson 1978; Ward 1998; Giannini et al. 2003) our 
knowledge and understanding of the intraseasonal variability and that associated with 
extremes is very limited. Such extremes are important in their own right, substantially 
impacting water and food resources as well as infrastructure. A recent extreme wet period in 
the West African region occurred during the summer of 2007 and lead to severe flooding and 
the displacement of more than 500,000 people (this extreme event also affected other parts of 
the tropical Africa). Long dry spells at certain sensitive times in the growing season, 
especially around the monsoon onset, can also severely impact food security. We continue to 
lack information about the nature, the causes and predictability of such variability and related 
extremes in the West African region. 

While there is considerable motivation to study intraseasonal variability in its own right, 
it is important to remember that the sum of these intraseasonal events comprises the seasonal 
mean. Indeed, the limited work that has taken place on intraseasonal timescales over West 
Africa (Mounier et al. 2008; Janicot et al. 2009) has highlighted structures that resemble the 
patterns of variability identified at interannual and decadal timescales (e.g., Chen et al. 2001; 
Chelliah and Bell 2004). It is clear that systematic errors in dynamical models used for 
climate prediction are often manifested on short timescales (from hours-to-days) which 
further motivates the study of intraseasonal variability of rainfall in this region from 
observational as well as modeling perspectives. 

Only a handful of recent studies have been concerned with intraseasonal variability of the 
WAM. Sultan et al. (2003) and Mounier and Janicot (2004) were the first to highlight, in a 
climatological sense, the presence of significant intraseasonal variability over the Sahel. Two 
distinctive timescales have been identified, 10-25 days and 25-60 days with the former 
contributing most to the total variance. Mounier et al. (2008) explored in more detail the 
nature of the 10-25 day variability. They proposed the existence of a quasi biweekly zonal 
dipole (QBZD; Fig. 4 top) structure based on a regional EOF analysis. This mode is the 
leading one over sub-Saharan Africa. The "dipole" aspect of this refers to a nearly standing 
oscillation with an out-of-phase relationship that African rainfall has with rainfall in the 
Western Atlantic and Americas. It is controlled both by equatorial atmospheric dynamics and 
by land surface processes over Africa, inducing combined fluctuations in surface 
temperatures, surface pressure and low-level zonal winds off the coast of West Africa. When 
convection is at a minimum over West and Central Africa, a lack of cloud cover results in 
higher net shortwave flux at the surface, which increases surface temperatures and lower 
surface pressures. This creates an east-west pressure gradient at the latitude of both the ITCZ 
(lOON) and the Saharan heat low (200 N), leading to an increase in eastward moisture 
advection inland. The arrival from the Atlantic of the positive pressure signal associated with 
a Kelvin wave pattern amplifies the low-level westerly wind component and the moisture 
advection inland leading to an increase in convective activity over West and Central Africa. 
Then the opposite phase of the dipole develops. 

The second EOF mode of 10-25 day variability (the "Sahel mode"; Fig. 4 middle) has 
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120 Serge Janicot et al. 

been detected by Sultan et al. (2003) and Mounier and Janicot (2004). The convection 
increase in the African ITCZ is associated with a propagating mode appearing first over 
Central Africa, moving to the north towards the Sahelian latitudes, and then propagating 
westward towards the eastern tropical Atlantic. This pattern is associated with a cyclonic 
circulation positioned ahead of the enhanced convective pole increasing the advection of 
moisture towards this pole. Taylor (2008) showed that land-atmosphere interaction processes 
contribute significantly to the maintenance and the westward propagation of the convective 
pole. It may also be associated with the occurrence of a convectively coupled equatorial 
Rossby wave (Janicot et al. 2010). At this tilne range Vizy and Cook (2009) also showed that 
strong cold air surges coming from the Mediterranean area can lead to African monsoon 
breaks through a southwestward propagation but this signal does not seem to be linked to the 
"Sahel" mode. 
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Figure 4. (top) Composite pattern of the "QBZD mode" in terms of non-filtered OLR modulation (W m-2
). (middle) 

Same but for the "Sahel mode". (bottom) Same but for the "MJO mode". See mode details in the text. 
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The West African Monsoon 121 

Mathews (2004) and Lavender and Matthews (2009) showed that dry/wet spells over the 
West Africa at the 25-60 day timescale could be linked to a combination of equatorial Kelvin 
and Rossby waves forced in the Pacific by the MJO. Janicot et al. (2009) and Pohl et al. 
(2009) confirmed the relationship with the MJO through the dynamics of active/break cycles 
of the Indian monsoon (see OLR pattern on Fig. 4 bottom), showed higher impact on dry 
spells over sub-Saharan Africa, and highlighted the dominant role in this connection of a 
convectively coupled equatorial Rossby wave (Janicot et al. 2010). 

Sultan et af. (2009) presented first attempt at a medium range forecast of these 
intraseasonal oscillations using the singular-spectrum analysis combined with the maximum 
entropy method. In an operational context the predictability of individual intraseasonal modes 
is high at 5 and 10 days range but the forecast skill for the whole intraseasonal signal remains 
weak. As shown for other such statistical schemes the forecast skill is good when the 
intraseasonal signal is well defined, and the forecast fails when the characteristics of this 
signal are changing rapidly. 

4.2. Seasonal Forecasting of the West African Monsoon 

The results presented in section 3.1 provide the basis for the seasonal prediction of WAM 
rainfall from the expected evolution of tropical Atlantic and Pacific SST anomaly patterns 
during the months leading up to the monsoon season. Both statistical and numerical modeling 
approaches have been employed with mixed success. A major challenge that persists is the 
difficulty of predicting the evolution of the tropical Atlantic SST anomaly pattern prior to and 
during the WAM season. Unfortunately, at present, neither observations nor models are fully 
adequate to characterize quantitatively the variability and predictability of SSTs in the 
tropical Atlantic. The problem is rooted in prediction inadequacy for the average state and the 
seasonal cycle that propagates through to the interannual timescales. 

In contrast to the above dominant role that tropical Atlantic and Pacific SST anomaly 
patterns have been found to play for the interannual variability of W AM rainfall, the 
contributions of land-atmosphere interactions are considered to be of subordinate (but 
possibly amplifYing) importance on this timescale (e.g., Douville 2002; Giannini et al. 2003). 

We are hindered in investigating the role of the land due to the lack of appropriate large-scale 
multi-year observations of land surface conditions and low confidence in our ability to model 
the complex interactions between the land surface and the atmosphere. In order to assess the 
role of the land on these timescales, it is necessary to consider the significance of potential 
feedbacks. Fundamentally, rainfall anomalies are expected to result in anomalies in the 
surface conditions, notably through impacting soil moisture and vegetation. These surface 
anomalies will impact the energy and water budgets. It is important to investigate whether, 
through such impacts, the rainfall anomaly is perpetuated through a positive feedback process 
or, alternatively, how it is damped. A positive feedback process has been shown to operate at 
the mesoscale (e.g., Taylor and Lebel 1998) and there is also some evidence to suggest that 
the seasonal W AM rainfall is impacted by the rainfall at the end of the previous rainy season 
(Philippon and Fontaine 2002). Recently Douville et al. (2007) has reactivated this debate by 
showing that the phasing of equatorial Pacific and Guinea Gulf SST might explain such a 
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"memory" effect. 
Fontaine et al. (1999) showed that using information related to land surface properties 

during spring (meridional gradient of low-level entropy over West Africa and over the 
Guinean Coast) enables to increase significantly the scores of statistical seasonal forecast 
skills. This is true also when statistical adaptations using such atmospheric dynamical 
parameters are applied on ocean-atmosphere models seasonal forecasts. Bouali et al. (2008, 

2009) have shown that the direct W AM rainfall seasonal forecast from DEMETER and 
ENSEMBLES multimodel enselllble system is poor and they have demonstrated that it is 
possible to increase significantly this skill through model-output-statistics procedures using 
such parameters. 

5. Weather Systems and Process Studies in the W AM 

The weak skill of GCMs and NWP models in catching the West African characteristics and 
lllore specifically its associated precipitation pattern and variability, strongly motivated the 
international AMMA progrmll. Through its multi-scale approach, the AMMA promoted the 
idea that a better knowledge of physical processes involved in the complex chain resulting in 
rainy weather systems is necessary to improve their representation in GCM and NWP models. 
The Special Observing Period (SOP) in 2006 is one facet of this effort (Redelsperger et al. 

2006), whose current scientific exploitation has fostered the research to understand the 
functioning of the WAM system involving numerous couplings between the atmosphere, the 
continental surface, the ocean and aerosols. Figure 5 provides a schematic 3D view of the 
WAM system, exhibiting some key features that we will review below to evaluate the 
progress performed and to identify the still open questions to be answered. 

Figure 5. Three-dimensional schematic view of the West African monsoon (see text for details) . Adapted from 
Lafore (2007). Illustration: Franc;:ois Poulain. 
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The West African Monsoon 123 

5.1. Structure and Circulation at Low-Levels 

The Saharan Heat Low (SHL) is a major feature of the WAM (Thorncroft and Blackburn 
1999; Thorncroft et al. 2003; Parker et al. 200S) corresponding to a deep dry-convective 
atmospheric boundary layer (ABL) (red dome in Fig. S). The SHL minimum of pressure 
located on its southern flank drives the convergence of two opposite low level flows along the 
inter-tropical discontinuity (lTD dashed blue line): i.e. the northerly dry and hot flux (or 
Harmattan) and the south-westerly moist and fresher monsoon flux. The resulting strong 
baroclinicity across this discontinuity is responsible for the mid-level African Easterly Jet 
(AEJ yellow tube). Moreover, the low-level negative PV anomaly in the SHL region (weak 
vertical stability) coupled with the positive PV anomaly below convection in the ITCZ (Inter 
Tropical Convergence Zone) to the south of the lTD (~SO) is responsible for the PV sign­
reversal that supports AEW growth (Thorncroft and Blackburn 1999). 

The AMMA SOP in 2006, (together with the UK GERBILS campaign in 2007), provided 
a unique documentation of the SHL and ITD with a wide range of measurements (lidar, 
dropsondes, aerosols, radiation ... ) from ground, aircraft and satellites (e.g. CALIPSO). First 
results stress the role of lTD, turbulence and convective gusts to mobilize and uplift mineral 
dusts (Flamant et al. 2007; Bou Karam et al. 2008). Pospichal and Crewell (2007) illustrated 
the pronounced diurnal cycle of the ITD during the transition period, with strong gradients in 
the ABL Also the Saharan ABL structure, its seasonal evolution and its radiative budget have 
been analyzed using the unique dataset acquired in Tamanrasset (Cuesta et al. 2008). Sultan 
and Janicot (2003) suggested that the monsoon onset, initiated by the amplification of the 
SHL, could be due to interactions with the northern orography of the Atlas and Hoggar 
Mountains. Drobinski et al. (200S) confirmed this explanation using a linear model. 
Drobinski et al. (2009) illustrated in a case study the role played by orography on the late 
northward monsoon propagation in 2006. Idealized approaches (Chou and Neelin 2003; 
Peyrille and Lafore 2007) or regional simulations (Ramel et al. 2006) allowed a better 
understanding of processes involved in the heat low (HL) formation, equilibrium and its 
diurnal cycle such as ventilation, turbulence in the ABL and albedo. Recently, Lavaysse et al. 
(2009) developed a 3S-year climatology of the SHL that included its seasonal migration over 
Africa and variability. Despite the recent progress, further studies are needed to understand 
the internal functions, i.e. turbulence, aerosols, surface, ventilation, of the SHL and its 
interplay with the other W AM components such as monsoon bursts, convection, AEJ and 
AEWs. For instance, Couvreux et al. (2010) noted that the monsoon pulsations were closely 
related to the SHL oscillations of the SHL low magnitude. 

The AMMA SOP also allowed documenting in detail the structure and evolution of the 
ABL and the monsoon fluxes at different latitudes from the coast to the northern flank of the 
Sahel. Of particular interest is the atmosphere budget allowed for the whole 2006 year by the 
RADAGAST (Radiative Atmospheric Divergence using ARM Mobile Facility, GERB data 
and AMMA Stations) experiment in Niamey (12.S0N). Slingo et al. (2008,2009) provided an 
overview for the 2006 year of the atmosphere structure, of radiative fluxes at its top and at the 
surface and examined the factors that control these fluxes. Similarly Guichard et al. (2009) 
analyzed seasonal and diurnal cycles of the thermodynamics and of the radiative budget at the 

 T
he

 G
lo

ba
l M

on
so

on
 S

ys
te

m
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 N

A
T

IO
N

A
L

 T
A

IW
A

N
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
03

/0
1/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



124 Serge Janicot et al. 

surface on the Malian Gounna site (15.3 ON) for several years. The relative role of aerosols, 
clouds, atmospheric water vapour and temperature, together with surface precipitation and the 
growth of vegetation (via surface emission and albedo) on the monsoon settlement during the 
season is provided through the analysis of the net radiation at the surface. It shows how these 
processes combine to increase the moist static energy needed for convection in the Sahel. 
Lothon et aZ. (2008) detailed the diurnal cycle of the low troposphere from profilers and 
radiosondings at different locations. In particular the importance ofthe nocturnal low level jet 
all over the year for the northward moisture transport, maximal around 0500 UTC and 
centered at 400 m height above the ground i~ Niamey, with a maximum around 10m S-I. 
Current research concentrates on the turbulent transports within the ABL and on the mixing 
between the monsoon moist layer the overlaying Hannattan dry layer, occurring in a sheared 
layer documented by aircraft measurements (Canut et af. 2010) and LES. The importance of 
this mixing for the northward propagation of the monsoon has been shown by Peyrille (2006). 
An important goal is to improve the representation of above ABL processes in current 
parameterizations and test their impact on the skill of GCM and NWP in representing the 
monsoon seasonal cycle. The above unique dataset provide a valuable ground truth for 
assessing models over this area. Other issues under consideration concern the interaction with 
aerosols and the coupling with the surface. 

5.2. African Easterly Waves 

The AEWs are the major synoptic weather systems in the West African summer monsoon. 
They are westward traveling waves originating west of 200E, and develop through both 
barotropic and baroclinic energy conversions as they move along the AEJ located around 600 
hPa. Their wavelength varies between 2000 and 4000 km and they have a westward phase 
speed of about 8 m S-I (leading to spectral periodicities between 3 and 5 days). Observations 
and modeling studies also indicate that AEWs significantly interact with moist convection 
(Duvel 1990; Diedhiou et aZ. 1999). Kiladis et aZ. (2006) recently highlighted the composite 
structure of AEWs and how the phase relationship with convection varies with longitude. 
Over the continent convection tends to be in the northerlies ahead of the trough. Near the 
west coast it tends to be in the trough and just downstream of the continent it shifts into the 
southerlies. A complete understanding of the reasons for these phase shifts, how AEWs 
interact with convection and, in particular, how AEWs and MCSs interact is still lacking. 

Berry and Thorncroft (2005) recently carried out a case study of an AEW and, based on 
this and previous related studies in the literature, promoted a PV -8 approach for describing 
and understanding AEW life-cycles that takes account of both the synoptic and embedded 
SUb-synoptic scale aspects of AEWs, key for understanding scale interactions. A conceptual 
AEW life-cycle is envisaged with 3 phases: (i) initiation, (ii) baroclinic developments and (iii) 
west coast developments (see Fig. 6). 

Phase I, Initiation: The genesis of the AEWs is often preceded by several mesoscale 
convective systems (MCSs) triggered over the elevated terrain of Darfur around 25°E 
(although triggering can take place in other locations). It is hypothesized that the dynamical 
response to the heating associated with this outbreak of convection close to the axis of the 
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The West African Monsoon 125 

AEJ results in downstream development of baroclinically growing AEWs. This hypothesis is 
supported by the statistical analyses of Mekonnen et al. (2006) and Kiladis et al. (2006), and 
the modeling work of Hall et al. (2006) and Thorncroft et al. (2008). An alternative 
hypothesis for the role of upstream convection was proposed by Hsieh and Cook (2005, 2007) 
who suggested that the key atmospheric response involved the establishment of a more 
unstable AEJ (e.g., Schubert et al. 1991). Recently Leroux and Hall (2009) analyzed the 
optimal structure of the AEJ favouring AEW development, whereas Leroux et al. (2010) 
studied statistically the interaction between the AEJ, AEWs and convection. 

(a) Phase I (b) Phase II 

8+ 

8 
~---~ 

8-

(c) Phase III 

Atlantic 
Ocean 

YL ' 
x 

_ 500km Gulf of Guinea 

Figure 6. Schematic illustrating three phases of observed AEW life-cycles (see text for details). 

Phase 11, Baroclinic Development: The second phase of the AEW life cycle commences 
as the synoptic scale perturbation to the low-level e gradient interacts with a synoptic scale 
perturbation to the AEJ level PV strip. For approximately 2 days over West Africa, these 
perturbations move together in a configuration that is consistent with baroclinic growth. 
Isolated sub-synoptic PV maxima generated by convection ahead of and within the PV­
trough contribute to the strength of the PV -trough and the baroclinic interaction. We know 
little about the nature of the sub-synoptic PV structures, important for understanding these 
key scale interactions. 

Phase 111, West Coast Developments: As the AEWs approach the West African coast 
significant convection often develops over the Guinea highlands. The Guinea highlands PV 
anomalies can then merge with the sub-synoptic scale PV anomalies embedded in the 
propagating AEW. Analysis indicates that the resulting coherent structures can be moist and 
warm core before leaving the West African coast. This is therefore an ideal structure for 
triggering tropical cyclogenesis and highlights the importance of considering the nature and 
variability of these systems, including their upstream structure, in more detail. Hopsch et al. 
(2007) have studied the significance of these events on tropical cyclogenesis events in a 
statistical sense. 

5.3. Kelvin Waves 

Kelvin waves have been recently detected over West and Central Africa during northern 
summer following the wavenumber-frequency filtering procedure developed by Wheeler and 
Kiladis (1999) and applied to the NOAA OLR data set over Africa (Mounier et al. 2007; 
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Mekonnen et al. 2008). Figure 7 shows the sequence of the composite fields from to-2 days to 
to+2 days of non-filtered OLR (shaded) and 925 hPa geopotential heights and winds for the 
difference between the dry and wet Kelvin phases. A wet (dry) Kelvin phase designates a 
Kelvin wave occurrence over West and Central Africa associated with negative (positive) 
OLR anomalies, that denote higher (weaker) convective activity in the ITCZ (see Mounier et 
al. 2007 for more details). The high range of the OLR differences between the wet and dry 
Kelvin phases Ineans that Kelvin waves are able to significantly modulate the convective 
activities in the ITCZ during the summer monsoon. In contrast to the AEW s, the Kelvin wave 
signal is propagating eastward with a mean phase velocity of about 15 m S-l and it reveals a 
mean periodicity of about 6 days. Its zonal extension corresponds to an approximate 
wavelength of 8000 km. A large part of the convective activities over West and Central Africa 
can be influenced by the crossing of such a Kelvin wave. Its dynamical pattern is very similar 
to theoretical equatorially trapped Kelvin wave solution on an equatorial beta-plane computed 
using a shallow water model (Matsuno 1966). The passage of such a wave is preceded by 
easterly and followed by westerly wind anomalies, in phase with negative and positive 
geopotential perturbations respectively. Most of the flow is in the zonal direction as predicted 
by theory, although the strong monsoonal heating over West Africa does favor meridional 
southerly inflow. This wind field anomaly pattern leads to an enhancement of inland moisture 
advection by the zonal flow component. The convergence of westerly and easterly flows 
contributes then to the enhanced convection over West and Central Africa. The dynamical 
fields tend to be much more symmetric about the equator, with large southern hemisphere 
signals, even though the convection is concentrated well north of the equator, at the latitude 
of the ITCZ. 

-16 -12 - 8 - 4 4 8 12 16 

Figure 7. Sequence of composite fields of non-filtered OLR (shaded) and 925 hPa geopotential heights (counters; 
1 mgp) and winds (m/s) for the difference between the wet and dry Kelvin phase for to-2, to and to+2 days 
where to ~'epresents the date of the highest signal over (7.5°N-12.5°N, lOOW-lOOE). (Mounier et al. 2007) 

5.4. Tropical-Extratropical Interactions 

Knippertz (2007) made a review of tropical-extratropical interactions (TEl) related to upper­
level through at low latitudes, including theoretical, modeling and observational studies. The 
penetration of an upper-level trough into the Tropics is often associated with enhanced 
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convection and the formation of an eastward and poleward stretching elongated band of 
upper- and midlevel clouds, usually referred to as a 'tropical plume' (TP). He provided a 
schematic model (see his Fig. 11) of the synoptic situation during these precipitation events 
over West Africa in connection with TPs occurring in boreal winter and spring. A complete 
statistic of TP days in 2006 has been undertaken, with an identification of 28 TEl events. 
Although less frequent and intense during the monsoon season, forcing mechanisms by the 
subtropical jet (STJ) and troughs at low latitudes may play a role in helping triggering 
convection, in particular around the monsoon onset. Recently, Knippertz and Fink (2008) 
suggested a coupling between the TP and the heat low: i.e. through a local enhancement of 
the greenhouse effect due to the high clouds and a higher water vapor content, the TP 
contributes to the pressure drop. 

For 1992, Roca et al. (2005) showed that dry events in the mid-troposphere « 5%) over 
the Sahel originated in the upper levels (200-250 hPa) on the anticyclonic side of the polar jet 
stream at 50oN. Then these dry intrusions sink while turning to the south below the STJ 
acting as a PV barrier and finally tum to the SW while gently descending over Sahara to 
reach the Sahel band in the upper part of the AEJ. A composite study shows that "dry 
intrusions" favor the development of long-lived (> 12 hr) organized MCS, contrary to results 
over the TOGA-COARE region (Sherwood 1999; Parsons et al. 2000) where dry intrusion 
reduce the convective activities. The low level shear coexisting with the dry air in the Sahel 
region is suggested as the main reason of this difference of behavior. The extratropical dry 
intrusions have been monitored during the AMMA SOP (Thorncroft et al. 2007) and revealed 
that they can either organize or suppress convection for reasons that are currently not 
understood. Thus above TEl interactions and "extra-tropical dry intrusions" can enhance the 
predictability of the W AM system and need further investigation. 

5.5. MCS and Anvils 

Convection is organized in the ITCZ to the south of the lTD (Fig. 5). When active their 
upper-level anticyclonic and divergent flow feed the TEJ and STJ on their southern and 
northern flanks respectively as shown by cloud resolving model (CRM) simulations or 
idealized models (Diongue et al. 2002; Peyrille et al. 2007). Fast-moving MCSs (Mathon et 
al. 2001, 2002) account for most of the rain over the Sahel but less organized and short-lived 
systems to the south need attention. The understanding, forecasting, and representation in 
GCMs of the organized convective systems (OCSs) is one of the challenges for the WAM. 
Although the theory of such systems is now well established for this region (Rotunno et al. 
1988; Moncrieff and So 1989; Lafore and Moncrieff 1989), their interplays with the above 
large scale features (AEJ, AEWs, vortices, dry air, troughs ... ) and with the surface stay 
unclear. Of particular importance is their triggering, as the convective inhibition is large over 
the Sahel. AMMA SOP brought a huge dataset to tackle this key issue (satellite data, 
radiosondes network, surface and airborne observations, 4 Doppler radars with 3 including 
dual polarization). Of particular interest is the MIT radar which operated for two successive 
seasons (2006 and 2007) with clear air measurement capacities up to 3 km. Analysis of such a 
large amount of data will need a huge effort, but will be a unique source of information for 
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future studies. First results such as Chong (2010) confirm the squall-line conceptual model 
we have and the specific nature of precipitation above and under the melting level. The 
CRMs now can realistically simulate such systems (Barthe et al. 2010) offering an adequate 
tool to study the interactions of African MCSs with their environment. Also the AMMA SOP 
provides a unique documentation of the microphysical and radiative properties of tropical 
anvils owing to the combination of radar, lidar and in situ observations, from ground, aircraft 
and satellite (Calipso). Bouniol et al. (2008) evaluated the CLOUDSAT reflectivity against 
the airborne radar. Combined with statistics and simulations of anvil, it is now possible to 
study their characteristics and role on the WAM by modulating the atmosphere and surface 
radiative budget driving thus the surface fluxes. For instance recently Protat et a!. (2010) 
compared the statistical properties of tropical ice clouds generated by West African and 
Australian monsoons from ground-based radar-lidar observations. 

6. Final Comments 

This chapter has provided a description of the WAM and its variability at a wide range of 
space and timescales. It has also highlighted the increased interest and research activity 
concerned with the WAM that has developed substantially in the past decade. Much of this 
can be attributable to the AMMA project (Redelsperger et al. 2006) and the contributing 
scientists who were able to mobilize resources to support observations and research and who 
continue to help coordinating international research on the WAM (see http://www.amma­
international.org). In particular, the AMMA SOP that took place during 2006 has provided us 
with a unique dataset to study the multiple scales and related processes that characterized the 
coupled atmosphere-land-ocean monsoon system. While AMMA has already brought new 
and exciting insights, more effort is required to exploit this vast dataset and to ensure 
appropriate pull-through to improve models used for weather and climate prediction and their 
impacts. 
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