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• The West African Monsoon (WAM) is an 
integral and important component of the 
West African climate system.

• More than 75% of the summer-time rainfall 
is related to WAM (Hagos and Cook, 2007). 

• There is a strong intra-seasonal to decadal 
variability, determined by the strength of the 
low-level monsoonal flow, which modulates 
weather (rainfall) and climate of W-Africa.

• The seasonality is characterized by the 
warm, moist SW monsoon inflow during 
May–Sept. and the hot, dry NE Harmattan 
wind in Nov.–Feb. (Fig. 1).

• The WAM affects the production, transport 
and removal of natural and anthropogenic 
aerosol (e.g. Saharan dust) while aerosol 
feeds back upon WAM through direct and 
indirect aerosol radiative effects.

• The DAAD climapAfrica project ‘Aerosol-
radiation and aerosol-cloud effects on the 
West African Monsoon system in a changing 
climate (ACCLIMATE)’ aims to study the yet 
poorly quantified  impact  of aerosol on WAM.

Fig. 1: Illustration of surface wind (arrows) and pressure (mb) over West 
Africa during (a) the winter and (b) the peak of the summer monsoon 
(Nicholson, 2013).

State of the art

• Investigation of the impact of the mixture of natural and anthropogenic 
aerosol on the WAM system. 

Expected outcomes
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Fig. 3: COSMO-MUSCAT model domains.
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Fig. 4: Project work packages.

• An evaluated and improved representation of West African aerosol.
• Detailed model-based assessment of sources and transport pathways 

of natural and anthropogenic aerosol over West Africa (WP1; Fig 4).
• A state-of-the-art quantification of aerosol-radiation and aerosol-cloud 

effects on atmospheric dynamics and the WAM system.
• An improved understanding of how the different aerosol compounds 

modify atmospheric processes in present climate (WP2; Fig 4).
• Evaluation of the sensitivity of aerosol effects on WAM to changing 

climate conditions and anthropogenic emissions (WP3; Fig 4).
• Information relevant to guide decision and policy makers in making 

decisions that will ensure a sustainable economic development and 
planning. 

Research aim

• Interactive simulations with the regional chemistry-transport model 
COSMO-MUSCAT over the North Africa Middle East region (Fig. 3). 

• Thorough model evaluation using recent field observations, incl. DACCIWA 
experiment, and satellite and AERONET sun photometer observations.

• Sensitivity runs with regard to changes in emissions, climate and land use.

Approach

• Aerosol directly modify the shortwave radiation reaching the earth surface by 
scattering and absorbing solar radiation (Boucher et al., 2013). 

• This direct effect can be measured by the aerosol optical depth (AOD), which 
indicates how much direct sunlight is prevented from reaching the ground by 
these aerosol particles. 

• Aerosol can indirectly interact with cloud and thus modify its properties (e.g. 
Rosenfeld et al., 2014)

• A semi-direct interaction occur when absorbing aerosol above and below 
warm clouds lead to the evaporation of such clouds.

• Radiative and cloud processes can therefore interact with each other to 
produce complex aerosol effects on clouds, precipitation, and extreme 
precipitation, in response to local and remote emission regions (e.g. Wilcox et 
al., 2018). 

Fig. 2: COSMO-MUSCAT 
simulation of meridional-
vertical cross-section along 
5oW at 1200 UTC on 17 
January 2008 depicting 
contours of virtual potential 
temperature (K, filled), 
specific humidity (g kg−1 , 
black), and extinction 
coefficients at 550 nm 
(km−1 ) due to dust (red) 
and biomass-burning 
aerosol (white) (Knippertz
et al., 2011).   
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Fig 11. Results from the regional model COSMO–MUSCAT. Meridional-vertical cross-section along 5!W at 1200 UTC on 17 January 2008
showing virtual potential temperature (K, colours), specific humidity (g kg"1, black), and extinction coefficients at 550 nm (km"1) due to dust (red)
and biomass-burning aerosol (white).

and end of the campaign to values below 1 m s"1 around 0000
UTC on 22 January 2008. There are indications of a diurnal
cycle with a general tendency of stronger winds during midday
and weaker winds during the night and morning. This is possibly
related to the deepening of the boundary layer and a sea-breeze
circulation during the day (Engelmann et al., 2011).

Three distinct phases can be distinguished. During 16–18 Jan-
uary 2008 winds are generally above 6 m s"1 (Fig. 10) and the
maritime surface layer is clearly identifiable in lidar measure-
ments (Fig. 1a). From 19 January 2008 until 1 February 2008
winds slacken and lidar measurements are dominated by dust
and smoke particles. A notable exception during this period is
the marked increase in wind speed and an associated reappear-
ance of the maritime surface layer for several hours on 28 Jan-
uary 2008. The last part of the campaign is again characterized
by higher winds and a well-defined sea-salt layer. This simple
analysis suggests that the daily mean threshold velocity for the
occurrence of the maritime layer over Praia is about 5.5 m s"1.

According to trajectory analysis, the biomass-burning aerosol
observed at Praia during SAMUM-2 largely originated from
southern West Africa (see the trajectories in Fig. 6 for
an example). A detailed analysis of day-to-day variations
in smoke emission as indicated by, e.g. the Moderate-
resolution Imaging Spectroradiometer (MODIS) fire products
(http://rapidfire.sci.gsfc.nasa.gov/firemaps/) is beyond the scope
of SAMUM-2. A qualitative inspection of measurements at Praia
and trajectories suggests that the synoptic–scale circulation is the
main control on the amount of biomass-burning aerosol reach-
ing Cape Verde (see also Section 4). Here the example of 17
January 2008 is briefly discussed to illustrate some key features

over the source region. For 1200 UTC on this day, Fig. 11 shows
a longitudinal cross-section along 5!W of virtual potential tem-
perature, specific humidity, and extinction coefficients due to
mineral dust and biomass-burning aerosol as simulated by the
regional model COSMO-MUSCAT (Heinold et al., 2011). Sig-
nificant dust concentrations are found in the lowest kilometre
of the atmosphere over the Sahara between 17 and 20!N and in
a deeper layer covering southern Mali, Côte d’Ivoire, and the
adjacent Gulf of Guinea (0–17!N). This dust has most likely
been advected southward by the Harmattan winds and has then
been mixed upwards by shallow to mid–level convection (see the
deeper moist layer indicated by black lines in Fig. 11). South of
10!N, where biomass-burning activity is most intensive, smoke
is injected into the dust layer and equally mixed to higher lev-
els. Concentrations are highest between 8 and 9!N, a typical
location of the surface convergence between the dry Harmattan
and the moist southerlies during this time of year. Easterly flow
at mid-levels can eventually transport the dust/smoke mixture
to the Cape Verde Islands. Due to their small sizes and conse-
quently longer lifetimes smoke particles can also be mixed up
to the tropopause where they get carried northward by the upper
branch of the Hadley circulation (Fig. 11). The increasing west-
erlies in this region transport smoke particles away from Cape
Verde, consistent with clean conditions above 5 km height on
most days during SAMUM-2 (Fig. 1).

6. Summary and conclusions

Observations taken at Praia, Cape Verde, during the SAMUM-
2 field campaign between 15 January and 14 February 2008,
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• Aerosol particles can influence the WAM system via aerosol-radiation and 
aerosol-cloud interactions (Knippertz et al., 2015a). 

• Dynamic response of monsoon precipitation to mineral dust radiative forcing 
shows that doubling the mineral dust lead to changes in seasonal precipitation 
in the West African region (Akinyoola et al., 2019)

• In West Africa, massive economic and population growth and urbanisation are 
expected to lead to a tripling of anthropogenic emissions by 2030 (Knippertz
et al., 2015b), the question on how these changes will impacts human health, 
ecosystems, food security and regional climate is yet unanswered 

• COMSO-MUSCAT model is a useful tool that can be used to investigate the 
interactions of aerosol and its transport as well as its role on atmospheric 
heat, moisture and momentum exchange (Fig. 2).   
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F"#$%& ': Schematic of surface wind (arrows) and pressure (mb) over West Africa during winter and at the peak of the summer monsoon.

when tropical rainfall was assumed to be local in origin, a
result of thermal instability in warm and humid air, with
ascent facilitated by surface wind convergence. As of the
()*+s, following tropical meteorological experiments such
as GATE (the GARP Atlantic Tropical Experiment, [(,]), it
became well established that tropical rainfall is instead linked
to large-scale disturbances o-en associated with traveling
waves.

A second shortcoming is the ambiguity of the term
“ITCZ”. In the literature three very di.erent de/nitions are
given, based respectively on wind convergence, surface air
pressure and rainfall or outgoing longwave radiation. In the
Encyclopedia of World Climatology, Yan and Oliver [(*]
states that the ITCZ is “an east-west oriented low-pressure
region near the equator where surface northeasterly and
southeasterly trade winds meets. When they converge, moist
air is forced upward, producing cumulus clouds and heavy
precipitation.” According to Miller and Schneider [(0] in the
Encyclopedia of Weather and Climate, it is “a region near the
equator where the trade winds converge.” Holton et al. [()],
in their widely used textbook, de/ne the ITCZ as the “loci of
cloud clusters associated with westward-propagating tropical
wave disturbances”. Consequently, some authors now avoid
the use of the term. For example, Zhang et al. [(1] instead use
the term “rain band” and Nicholson [2+] substitutes the term
“tropical rainbelt”.3e latter term will be used in this paper.

As a result of the ambiguity in the de/nition of the ITCZ,
its tracking may be based on a pressure minimum, a surface
wind convergence, a maximum in rainfall, a minimum in
outgoing longwave radiation, or a maximum in cloudiness.
3e use of so many di.erent parameters has been justi/ed by
the assumptions that (() the pressure minimum and rainfall
maximum are colocated with each other and with the wind
convergence, (2) maximum cloudiness is roughly colocated
with maximum rainfall, and (!) longwave radiation is at a
minimum at that location. Unfortunately, these assumptions,
especially the /rst one, do not stand up to close scrutiny. Even
over the ocean regions the zone of minimum pressure does
not generally coincide with that of the wind convergence or
the rainfall maximum [2(].

3is picture is particularly problematic over West Africa,
as new research on the West African monsoon has dramati-
cally shown. For one, the ITCZ (as de/ned by surface wind

convergence) lies some (+++ kilometers to the north of the
zone of maximum rainfall, as does the zone of maximum
ascent [2+]. For another, rainfall over the Sahel is associated
with African easterly waves and with large Mesoscale Con-
vective Systems (MCSs), rather than local thunderstorms.
Lebel et al. [22] estimate that some (2% of the total number
of MCSs produce )+% of the rainfall during the peak rainy
season. Very intense MCSs, which comprise some ! to '%
of the all rain events, produce up to 0+% of the rainfall that
occurs in the Sahel [2!].

!.!. Revised View of the West African Monsoon. 3e circula-
tion over West Africa exhibits the most basic characteristics
of a monsoon: a pronounced seasonal wind shi- that is
produced by thermodynamic contrasts between the land
(i.e., the Sahara) and ocean (i.e., the equatorial Atlantic).
Southwesterly 4ow is established between the Atlantic cold
tongue (cool water close to the equator between the boreal
spring and summer) and the Saharan heat low, bringing
moisture into the continent [2', 21]. 3e annual evolution
of moisture 4uxes, convergence and rainfall is closely tied to
these two systems.3e basic surface circulation is illustrated
in Figure '. During the boreal summer, an intense heat low
develops over the western Sahara. 3e cyclonic 4ow around
this low includes the southwesterly “monsoon” 4ow to the
south and the northeasterly Harmattan to the west of its core
[2,]. Termed the Saharan Heat Low or West African Heat
Low, this system plays an important role in controlling the
northward penetration of the monsoon [2*].

3e main contrasts with the classic picture of the mon-
soon are the diminished importance of the ITCZ and the
inclusion of several jetstreams and shear zones, the African
Easterly Waves (AEWs), the Saharan Heat Low, and the
aforementioned Mesoscale Convective Systems, as opposed
to local rainfall induced by thermal instability. Overviews are
presented by Nicholson and Grist [(], Gu and Adler [20],
Parker et al. [2)], Zhang et al. [(1], Nicholson [2+], and
3orncro- et al. [21].3e circulation and convective features
associated with the West African monsoon and in4uencing
the Sahel are discussed in detail in Sections ' and 1.

3e main tropical circulation features associated with
the West African monsoon (Figures 1(a) and 1(b)) are the
upper-level Tropical Easterly Jet (TEJ), the mid-level African
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