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The Sahel, generally identified as a semiarid agroecological
zone, runs from Senegal eastward to Ethiopia it has a latitude
range of 10–18◦N and has been subject to intensive research
in recent years. It is a region well known for multidecadal
precipitation anomalies that have been observed throughout
the 20th century [1]. As a consequence of these large
fluctuations in climate, economic development has been
hampered and there have been increased risks to segments
of the population, especially as it relates to climate impacts
on agriculture and water resources. At present, many of the
countries in West Africa are near the bottom of the United
Nations Human Development Index. Rainfall variability
serves as a contributing factor to its stifled development, in
addition to other factors such as governance. Anthropogenic
climate change poses a new and serious challenge with Africa
being identified as the most vulnerable and the least able to
adapt [2].

In this special issue we have collected papers that detail
the most recent efforts to understand the dynamics of
the West African monsoon at a scale relevant to inform
decisions and examine processes such as regional modeling,
atmospheric chemistry, mesoscale meteorology, and the role
of land-cover.

The global oceans appear to be important in both climate
change and climate variability throughout the continent but
especially across the Sahel region. Through climate model
simulations, the downward trends in rainfall during the years
between 1970 and 1990 have been linked to the various
ocean basins [3–5]; particularly a warming trend in the
Indian Ocean that may have been caused by anthropogenic
greenhouse gas forcing, and cooling of the North Atlantic

that may have been caused by sulfate aerosols have both been
implicated in the persistence of Sahel drought. However,
the poor observing system in West Africa, multi-scale
interactions (local-mesoscale-synoptic scale) and coupling
between the land-surface and atmosphere [6] add complexity
to a deeper understanding of the late 20th century climate
trends.

For example, a key deficiency in the IPCC reports for
Africa is the sign and magnitude of future precipitation
changes over West Africa [7]. Current projections are
characterized by a large spread in the sign of precipitation
change, with some of the coupled global climate models
suggesting drying while others suggest wetter conditions [2].
While it is possible that this spread is due to differences in
the different models’ projections of sea surface temperature
change, it is also well known that the scale of precipitation
is problematic in the GCMs. Much of the observed pre-
cipitation occurs on meso-scale in the form of mesoscale
convective systems (MCSs—squall lines, convective clusters
and mesoscale convective complexes), which are organized
and modulated by topography and larger scaled features such
as the African Easterly Jet (AEJ) and African Easterly Waves
(AEWs) [8–10]. The MCSs of West Africa show diurnal
behavior and show convective strength in association with
high ice concentrations and lightning [11, 12].

Another important West African feature is dust and the
warm, dry airmasses that are lifted and carried from the
Sahara [13], which may suppress precipitation [14–16], but
the exact process remains unknown because of its complex
but poorly observed interactions with cloud microphysics.
Surface-atmosphere interactions and feedbacks through soil
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moisture and vegetation have been shown to be very
important in West Africa. These factors may have a critical
role to play with respect to the 21st century climate change,
along with population increases, urbanization, and land-
management practices. Studies examining the production
of tropospheric ozone, another greenhouse gas, remains
uncertain in West Africa as multiple sinks and sources (depo-
sition, photolysis, biogenic source of nitrogen, lightning,
biomass burning, anthropogenic sources from urban centers,
heterogeneous chemical processes) have been modeled and
sampled through limited field campaigns [17–19]. There
are still many uncertainties and processes related to ozone
chemistry within the annual cycle and over interannual
timescales in West Africa that need to be quantified further.

Regional climate models afford the opportunity to better
represent orography, sharp vegetation gradients, meso-scale
circulation, and precipitation processes over West Africa
and some improvements in simulated climate have been
reported. However, the ability to simulate present and future
changes in global ocean and tropical atmosphere in GCMs
can strongly influence the lateral boundary conditions and
may lead to regional climate biases within any single regional
climate model simulation. The Coordinated Regional Cli-
mate Downscaling Experiment (CORDEX) has been initi-
ated to evaluate regional model performance and produce
climate projections from present boundary conditions using
reanalysis forcing and future boundary conditions from
GCMs. For regions such as the Sahel, it is anticipated that
uncertainty in future precipitation changes associated with
higher greenhouse gas concentration will result in reduced
CORDEX activities. Early results from CORDEX over West
Africa show improvement using 1989–2007 ERA-interim
boundary conditions [20] but biases still exist.

One critical concern for understanding weather or longer
time-scale climate variability or anthropogenic change is
the lack of coastal ocean measurements, continental and
upper air measurements in West Africa and the continent
of Africa except in a few regions [21]. These ground-
based measurements provide evaluation of GCMs and help
to identify biases in the model. Satellite products such
as the Tropical Rainfall Measurement Mission (TRMM)
daily and 3 hr rain estimates are currently being used for
model evaluation however, they provide only an incomplete
view of the meteorological aspects, especially as they relate
to meso-scale convective systems. Coastal measurements
around West Africa are extremely sparse around the West
African coastline and greater coverage will be needed to
monitor sea level changes and other ocean measurements
(salinity, temperature, wave heights, and directions) during
the 21st century.

In this special journal issue we attempt to examine some
of these issues with contributions that include, land-use
change, atmospheric chemistry, AEWs and tropical cyclones,
seasonal climate forecasts and their applications, regional
climate modeling, and observations from the recent African
Monsoon Multidisciplinary Analysis (AMMA) campaign
[22–24] over West Africa and the downstream Atlantic.
We believe that these contributions provide the basis for
connecting the processes that may be indirectly or directly

responsible for climate variability and potential climate
change in West Africa. The quest for deeper understanding
may ultimately serve as a means for reducing the vulnerabil-
ity for present and future generations of West Africans.

Acknowledgment

We thank many anonymous reviewers for their careful
reviews and constructive suggestions in improving each
paper.

Gregory S. Jenkins
Alessandra Giannini

Amadou Gaye
Andrea Sealy

References

[1] S. E. Nicholson, “An overview of African rainfall fluctuations
of the last decade,” Journal of Climate, vol. 6, no. 7, pp. 1463–
1466, 1993.

[2] J. H. Christensen, B. Hewitson, A. Busuioc et al., “Regional
climate projections,” in Climate Change 2007: The physical Sci-
ence Basis, S. Solomon, Ed., Contribution of Working Group
I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change, pp. 847–940, 2007.

[3] D. P. Rowell, “Teleconnections between the tropical Pacific
and the Sahel,” Quarterly Journal of the Royal Meteorological
Society, vol. 127, no. 575, pp. 1683–1706, 2001.

[4] A. Giannini, R. Saravanan, and P. Chang, “Oceanic forcing
of Sahel rainfall on interannual to interdecadal time scales,”
Science, vol. 302, no. 5647, pp. 1027–1030, 2003.

[5] M. P. Hoerling, J. W. Hurrell, J. Eischeid, and A. S. Phillips,
“Detection and attribution of twentieth-century northern and
southern African rainfall change,” Journal of Climate, vol. 19,
no. 16, pp. 3989–4008, 2006.

[6] C. M. Taylor, E. F. Lambin, N. Stephenne, R. J. Harding, and R.
L. H. Essery, “The influence of land use change on climate in
the Sahel,” Journal of Climate, vol. 15, no. 24, pp. 3615–3629,
2002.

[7] A. Giannini, M. Biasutti, I. M. Held, and A. H. Sobel, “A global
perspective on African climate,” Climatic Change, vol. 90, no.
4, pp. 359–383, 2008.

[8] D. P. Rowell and J. R. Milford, “On the generation of African
squall lines,” Journal of Climate, vol. 6, no. 6, pp. 1181–1193,
1993.

[9] S. W. Payne and M. M. McGarry, “The relationship of satellite
inferred convective activity to easterly waves over West Africa
and the adjacent ocean during phase III of GATE,” Monthly
Weather Review, vol. 105, pp. 413–420, 1977.

[10] R. W. Burpee, “Some features of synoptic-scale waves based on
compositing analysis of GATE data,” Monthly Weather Review,
vol. 103, pp. 921–925, 1974.

[11] V. Mathon and H. Laurent, “Life cycle of Sahelian mesoscale
convective cloud systems,” Quarterly Journal of the Royal
Meteorological Society, vol. 127, no. 572, pp. 377–406, 2001.

[12] D. J. Cecil, S. J. Goodman, D. J. Boccippio, E. J. Zipser, and S.
W. Nesbitt, “Three years of TRMM precipitation features. Part
I: Radar, radiometric, and lightning characteristics,” Monthly
Weather Review, vol. 133, no. 3, pp. 543–566, 2005.

[13] T. Carlson and J. M. Prospero, “The large-scale movement of
saharan air outbreaks over the Northern Equatorial Atlantic,”
Journal of Applied Meteorology, vol. 11, pp. 283–297, 1972.



International Journal of Geophysics 3

[14] A. Konare, A. S. Zakey, F. Solmon et al., “A regional climate
modeling study of the effect of desert dust on the West African
monsoon,” Journal of Geophysical Research, vol. 113, Article ID
D12206, 15 pages, 2008.

[15] M. Yoshioka, N. M. Mahowald, A. J. Conley et al., “Impact
of desert dust radiative forcing on sahel precipitation: relative
importance of dust compared to sea surface temperature
variations, vegetation changes, and greenhouse gas warming,”
Journal of Climate, vol. 20, no. 8, pp. 1445–1467, 2007.

[16] J. Prospero and P. Lamb, “African droughts and dust transport
to the Caribbean: climate change implications,” Science, vol.
302, no. 5647, pp. 1024–1027, 2003.

[17] C. E. Reeves, P. Formenti, C. Afif et al., “Chemical and
aerosol characterisation of the troposphere over West Africa
during the monsoon period as part of AMMA,” Atmospheric
Chemistry and Physics, vol. 10, no. 16, pp. 7575–7601, 2010.

[18] M. Saunois, C. E. Reeves, C. H. Mari et al., “Factors controlling
the distribution of ozone in the West African lower tropo-
sphere during AMMA (African Monsoon Multidisciplinary
Analysis) wet season campaign,” Atmospheric Chemistry and
Physics, vol. 9, pp. 6135–6155, 2009.

[19] J.-H. Ryu and G. S. Jenkins, “Lightning-tropospheric ozone
connections: EOF analysis of TCO and lightning data,”
Atmospheric Environment, vol. 39, no. 32, pp. 5799–5805,
2005.

[20] G. Nikulin, C. Jones, P. Samuelsson et al., “Precipitation cli-
matology in an ensembleof CORDEX-Africa regional climate
simulations,” Journal of Climate. In press.

[21] G. S. Jenkins, G. Adamou, and S. Fongang, “The challenges
of modeling climate variability and change in West Africa,”
Climatic Change, vol. 52, no. 3, pp. 263–286, 2002.

[22] J. L. Redelsperger, C. D. Thorncroft, A. Diedhiou, T. Lebel, D.
J. Parker, and J. Polcher, “African monsoon multidisciplinary
analysis: an international research project and field campaign,”
Bulletin of the American Meteorological Society, vol. 87, no. 12,
pp. 1739–1746, 2006.

[23] E. J. Zipser, C. H. Twohy, S. C. Tsay et al., “The Saharan air
layer and the fate of African easterly waves: NASA’s AMMA
field study of tropical cyclogenesis,” Bulletin of the American
Meteorological Society, vol. 90, no. 8, pp. 1137–1156, 2009.

[24] G. Jenkins, P. Kucera, E. Joseph et al., “Coastal observations
of weather features in Senegal during the African monsoon
multidisciplinary analysis special observing period 3,” Journal
of Geophysical Research D, vol. 115, Article ID D18108, 2010.



Hindawi Publishing Corporation
International Journal of Geophysics
Volume 2012, Article ID 603949, 14 pages
doi:10.1155/2012/603949

Research Article

Comparative Study of the West African Continental, Coastal,
and Marine Atmospheric Profiles during the Summer of 2006

Ibrahima Kalil Kante,1, 2 Daouda Badiane,1 Saı̈dou Moustapha Sall,1 Abdoulaye Deme,1

and Arona Diedhiou3
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We used sounding data of the Multidisciplinary Analysis of the African Monsoon experience in summer 2006 at continental and
coastal sites of West Africa, respectively, to analyze the vertical profiles of relative humidity, temperature, dew point, and speed
and wind direction for the JJAS rainy period. The vertical gradient method is applied to the profiles of some thermodynamic
parameters estimated from sounding data to do a comparative study of the structure and thermal properties, moisture, and static
stability of the atmospheric boundary layer of inland, coastal, and marine sites to show consistent differences related to geographic
factors. In vertical profiles of relative humidity, the intensity is higher in Dakar than in Niamey particularly in the core of the
season. There are dry intrusions in the low levels at the beginning and end of the season in Dakar, which do not exist in Niamey.
The mixing layer on the continent during the day can reach a height greater than 1100 m, and the inversion layer height can exceed
1700 m. Therefore, the maximum thickness of the boundary layer is observed on the continent during the day, while at night the
marine boundary layer is the thickest. The diurnal evolution shows that the mixing layer thickness decreases during the night over
the continent but increases at the coast and at sea. In the night at the continental site there is a division of the mixing layer with
a consistent residual mixing layer. Continental boundary layer is more unstable during the day, while at night it is the marine
boundary layer that is more unstable than the coastal and inland ones.

1. Introduction

The term boundary layer was first introduced in the literature
by Prandtl and Lustig [1]. Since then, many authors such
as Turner [2], Monin [3], Zeman [4] and more, recently,
Cushman-Roisin and Beckers [5] have studied the detailed
description. The atmospheric boundary layer (ABL) has been
variously defined, but it is commonly recognized as the lower
part of the atmosphere, which is strongly influenced by the
presence of the earth’s surface and responds to surface forcing
with a timescale of about one hour or less. The ABL is the
place where many processes, such as turbulence, friction,
dispersion, energy dissipation, and wind shear occur. These
processes are poorly parameterized in atmospheric models.

Several ABL studies have focused on the turbulence but
also on the mixing process triggered by significant warming
or cooling [6]. Within the ABL, the transport of various
quantities (heat, pollution, moisture, momentum, etc.) is
mainly influenced horizontally by the wind and vertically by
the turbulence. The importance of the entrainment process
of the air at the top of the boundary layer over the continent
has been studied by Betts et al. [7] by analyzing the variations
of potential temperature (θe).

However, many gaps exist in understanding the ABL,
particularly in West Africa where the ABL is poorly studied
due to lack of data. Indeed Johnson [8] studied the
GATE (GARP Atlantic Tropical Experiment) data to find
a link between the thickness of the mixing layer and deep
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convection and inferred a simple model of the boundary
layer associated with the passage of mesoscale precipitation
systems with the help GATE experimental data. Recently,
data obtained during the African Monsoon Multidisciplinary
Analysis (AMMA) experience allowed more specific studies
of ABL in West Africa [9–11].

In this paper, we analyze and compare relative humidity,
dew point temperature, speed and wind direction vertical
profiles, and atmospheric boundary layers of continental
(Niamey), coastal (Dakar), and marine (Sal) sites located
in West Africa. We use data from the special observations
phase called SOP3 (Special Observing Period 3) of summer
2006 during the AMMA experience, when there were many
sounding observations at various sites in West Africa [12, 13].
The objective is to analyze the seasonal evolution over the
period June, July, August, and September (JJAS) and the
profiles of some characteristic parameters of the boundary
layer such as relative humidity, dew point temperature,
wind speed, and wind direction in order to make a finer
characterization and understand the variability. It is also an
issue if there are consistent differences in the ABL related
to several factors such as the continentality, the proximity
of the ocean, the state of static stability, and mesoscale
weather systems. In addition, we attempt to identify the
characteristic parameters that determine the ABL structure
in our study area and highlight any differences between the
structures and thermodynamic properties of the ABL of,
respectively, continental, coastal and coastal sites. Finally, we
seek to determine the diurnal evolution of the structure and
thermodynamic properties of these different types of ABL.

2. Data and Methodology

2.1. Data. We used sounding data from the AMMA SOP3
experience in summer 2006 in West Africa. We have made
a first step for a diagnosis of sounding data to select those
that seem appropriate for our study. The data availability is
illustrated by Figures 1(a), 1(b), 1(c), and 1(d) for the con-
tinental, coastal, and marine sites.

2.1.1. Availability and Consistency of Data by Category of Site
and by Month. Figure 1(a) shows that continental (Bamako
and Niamey) and coastal (Dakar) sites have more than
80% of data available at 0000 UTC and 1200 UTC in June,
while those marine (Sal, Praia) have no information for that
month. Figure 1(b) shows that continental (Abidjan, Agadez,
Bamako, Niamey) and coastal (Dakar) sites exceed 80% of
data available for 0000 UTC and 1200 UTC in July. While
among the marine sites, only Sal has few data at 1200 UTC.
We dismissed the month of July. Figure 1(c) shows that
for August, the continental (Agadez, Niamey, and Bamako)
and coastal (Abidjan and Dakar) sites exceed 80% of data
availability at 0000 UTC and 1200 UTC.

Sounding data are quite not available for the marine
sites (Sal, Praia) at 0000 UTC and 1200 UTC (about 19%).
Because Sal has limited data at 1200 UTC, we did not use the
month of July. Finally in Figure 1(d), we find that continental
(Bamako and Niamey) and coastal (Abidjan and Dakar)

sites have more than 80% data available at 0000 UTC and at
1200 UTC.

Following the diagnosis of availability and data consis-
tency, we use the Niamey (inland) and Dakar (coastal) sites
for the first part concerning the study of vertical profiles of
the troposphere on the entire seasonal period. For the second
part of our study focusing on the boundary layer based on
sounding data case studies, we consider in addition to these
two first sites and Sal (marine).

2.1.2. Case Studies. Three case studies were selected accord-
ing to the criterion that the 1200 UTC sounding data have
the maximum values of CAPE during the month of August at
each of all three sites (Table 1). To study the diurnal evolution
of the ABL, we take the sounding at 0000 UTC of the night
when the next or previous sounding data exist. This is the
case for Niamey and Dakar sites. For Sal, we take the first
sounding data available at 0000 UTC four days later. Thus the
three case studies consist of Niamey, Dakar, and Sal sounding
data at 1200 UTC according to the instability criterion on,
respectively, 26, 17, and 19 August 2006. The sounding data
at 000 UTC used are those from 25, 18, and 23 August 2006,
respectively, in Niamey, Dakar, and Sal sites. August is the
time of year when the convective activities are more intensive
in our study area [14]. Figure 2 shows Meteosat-8 water
vapor channel images corresponding to the case study dates.
Figures 2(a) and 2(b) show convective systems on or near
Niamey site. While Figures 2(c) and 2(d) indicate no deep
convection systems over or near Dakar site. Finally, Figures
2(e) and 2(f) show the presence at the Sal site of the Saharan
Air Layer (SAL), which is a mass of dry air.

2.2. Methodology. We present the different methods used to
process the sounding data and deduce the vertical thermody-
namic profiles, structures, thermal, and moisture properties
of boundary layers in order to analyze and inter-compare
them.

2.2.1. Hovmoêller Diagrams. We plotted relative humid-
ity, dew point temperature, speed and wind direction
hovmoêller diagrams (altitude-time) of 1200 UTC and
0000 UTC sounding data. The time period in hovmoêller
diagrams is June, July, August, and September, denoted in
the following JJAS. This diagram is used to analyze the
seasonal thermodynamic vertical profiles of the troposphere
of continental (Niamey) and coastal (Dakar) sites.

2.2.2. Determination of the ABL Structure and Tempera-
ture and Moisture Properties. Many authors have proposed
methods for determining the structure of the atmospheric
boundary layer [15–17]. These methods allow identifying
the ABL structural elements as sublayers that are the surface
layer, mixing layer, and the capping inversion generally
above the mixing layer. These ABL structural elements are
described extensively in the literature [17]. Each of these
elements is associated with characteristic profiles of key
parameters and physical variables. The key parameters to be
chosen depend on the nature of the data and applications
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Figure 1: Data availability for the different categories of sites for the months of June (a), July (b), August (c), September (d) of 2006.

Table 1: CAPE maximum values for the selected case studies.

Stations
CAPE (JKg−1)

Maximum at 12 h Maximum at 00 h

Niamey 08/26/2006 3789 08/25/2006 3721

Dakar 08/17/2006 4473 08/18/2006 3589

Sal 08/19/2006 2196 08/23/2006 2394

used in the study of the boundary layer [16, 18]. In this study,
we used sounding data and apply the vertical gradient meth-
ods of some thermodynamic parameters such as potential
temperature θ, virtual potential temperature θv, equivalent
potential temperature θe, specific humidity q, mixing ratio
r, and saturation mixing ratio rw. Figure 3 shows virtual
temperature θv, potential temperature θ, equivalent potential
temperature θe, and mixing ratio saturating rw profiles
deducted from sounding data at 1200 UTC case studies of the
three sites. Examination of these profiles reveals that those
of virtual potential temperature θv and saturating mixing
ration rw are quite similar. With the profile of potential
temperature θ, we can easily identify the structural elements

of the boundary layer. In the following part, we explain
how we apply the gradients method on the profiles of the
various parameters used to determine the ABL structure and
temperature and moisture properties.

(1) ABL Characteristic Parameters. Simplified diagrams of
the vertical profile of potential temperature θ have been
proposed to model the structure of the boundary layer [15,
19, 20].

It is an ABL conceptual representation and shows the
structural elements and their descriptive parameters. The
mixing layer has been variously defined [16, 21], but we
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Figure 2: Images Meteosat-8-Upper Level Water Vapor in Niamey (a) and (b), Dakar (c) and (d), and Sal (e) and(f) 00 UTC and 12 UTC.
The orange color represents the very dry air associated with airborne dust. The colors green, blue, and red represent areas of deep convection.
(source: uw-CIMSS/NOAA-HR).

consider it here as a part of the boundary layer in which the
vertical gradient of potential temperature θ is very low or
even zero. In other words, in the mixing layer, the value of θ
remains almost constant with height. The part surmounting
the mixing layer where potential temperature θ increases
rapidly and presents a sharp discontinuity is the capping
inversion layer. Above the inversion layer, we find the free
atmosphere that is the upper limit of the boundary layer.
The third structural element of the boundary layer is the
surface layer, which is located in the immediate vicinity of
the ground.

The parameters used to characterize the structural
elements of the boundary layer are heights hs, h0, h1, the
thickness Δh, and the thermal quantities such as θm, θ00,
Δθ, γ (Figure 4). The heights h, h0, h1 represent, respectively,
those of the surface layer, of the mixing layer, and of the

inversion layer. Δh is the capping inversion layer thickness.
The thermal parameters θm, θ00, Δθ, γ correspond, respec-
tively, to the potential temperature of the mixed layer, the
potential temperature in the free atmosphere interpolated at
altitude z = 0, the amplitude of the potential temperature in
the capping inversion layer, and the asymptotic gradient of
potential temperature in the free atmosphere [18].

In a real sounding, in general the profile of potential
temperature θ may deviate from that of the conceptual model
in Figure 4 as a function, among others, of the degree of
convective activity, the amount of moisture in the lower
atmosphere [17], and of large and medium scales weather
conditions [8]. Here, we apply the gradients method to
potential temperature θ, which seems more efficient for our
individual sounding data to determine the structure of the
boundary layer (Figure 3).
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Figure 3: Profiles of virtual potential temperature θv , potential temperature θ, equivalent potential temperature θe, and saturating mixing
ratio rw of the three case studies selected.
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Figure 4: ABL Conceptual representation of the structure with the
profile of potential temperature θ (Adapted from [18]).

2.2.3. Static Stability. Unlike some authors who have used it
to determine the height of the boundary layer [17, 21], we
use the gradient of equivalent potential temperature θe here
to determine the static stability of each layer. Thus, when

within an atmospheric layer, the variation of the parameter
θe is monotone, we determine the static stability as follows.

(i) If θe decreases with height in a layer, the later is
unstable.

(ii) If θe remains almost constant with height in a layer,
the later is neutral.

(iii) If θe increases with height in a layer, the later is stable.

2.2.4. ABL Thermal and Moisture Properties. It is also the
profile of equivalent potential temperature θe that we used
to determine the thermal properties of the ABL different
structural elements. The profile of the mixing ratio r is used
for determining the ABL moisture properties.

3. Results and Discussion

The results presented concern the continental (Niamey),
coastal (Dakar), and marine (Sal) sites. This is due to
the quality and availability of data from these sites during
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Figure 5: Daily humidity profiles in Dakar and Niamey at 0000 UTC and 1200 UTC of 2006 JJAS.
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Figure 6: Dew point temperature profiles in Dakar and Niamey at 0000 UTC and 1200 UTC of JJAS 2006.

AMMA SOP3 experience. The hovmoêller outputs (Altitude-
time) of the relative humidity, dew point temperature, and
wind speed and wind direction parameters for the period
JJAS are plotted with data from Dakar and Niamey sites. The
profiles of potential temperature θ, of equivalent potential
temperature θe, and of mixing ratio r were analyzed for
the case studies. The case studies are the most unstable
atmospheres in August in Dakar, Niamey and Sal after a
systematic analysis of the CAPE and CIN values during JJAS
period. The profiles allow us to compare the structures of
continental, coastal, and marine boundary layers.

3.1. Profiles of Moisture at Coastal (Dakar) and Continental
(Niamey) Sites in JJAS 2006. There is increased moisture at
Dakar site ranging from 70% to 80% from June, at the low
levels (Figure 5). In early summer (June), dry air intrusions
are observed both in the low and mid levels, which limit
the development of deep convection. In the core of the
rainy season (August and September), the humidity is intense
even at the mid levels (400 hPa). However, there are dry air
intrusions during the last week of September at the mid
levels.

Figure 5(b) indicates that Niamey site compared to
Dakar site has a low relative humidity (50% and 70%) at

low levels and comparable or greater humidity intensity than
Dakar site at the mid levels. In addition, there is no dry
air intrusion in early summer at the low levels; the dry air
intrusions are confined only to mid levels.

The low levels at Dakar site are relatively wetter than
those to Niamey, probably because of the proximity of the
ocean. Dry air intrusions are observed in the low levels in
the early season in Dakar in contrast to Niamey. From July,
the moisture content is more homogeneous with height at
Niamey site than at Dakar site, that is to say that ABL is more
developed in Niamey than in Dakar (Figure 5).

3.2. Profiles of Dew Point Temperature Td at Coastal (Dakar)
and Continental (Niamey) Sites in JJAS Period. Figure 6(a)
shows that at the low levels, the dew point temperature (Td)
is low at the start of the season JJAS, between 10 and 20◦C,
and it increases during the season. It reaches values between
20◦C and 30◦C during the core of the wet season (August and
September) at the low levels. This corresponds to a strong
moistening of the ABL at the coast. However, there was in
early season (June), low dew point temperature at the low
levels, indicating dry air intrusions observed in the moisture
profiles (Figures 5(a) and 5(b)).
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Figure 7: Wind speed profiles in Dakar and Niamey at 0000 UTC and 1200 UTC during JJAS 2006.
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Figure 8: Daily wind direction profiles in Dakar and Niamey at 0000 UTC and 1200 UTC of JJAS 2006.

Figure 6(b) shows that at the low levels, the dew point
temperatures Td are higher in Niamey, between 20◦C and
30◦C, with frequent temporal discontinuities. However,
the values of Td between 10◦C and 20◦C are observed
consistently in the low levels throughout the JJAS period;
low values of Td occur only in the mid levels. This situation
suggests a dry air intrusions at the low levels at Niamey
(Figure 6(b)).

The profiles of the dew point temperature patterns at the
low levels in Dakar and Niamey are quite similar to those of
moisture. The presence at the low levels of dry air at Dakar
site in early season can be particularly noted.

3.3. Profiles of the Wind Speed at Coastal (Dakar) and
Continental (Niamey) Sites in JJAS 2006. Figure 7(a) shows
that early in the season (June), the African Easterly Jet (AEJ)
is weaker at the mid levels at Dakar site. The AEJ starts
increasing from mid-June with intensity between 15 and
25 m·s−1 until the end of the season; its maximum intensity
is observed in August. Note also that the AEJ can weaken
or disappear sometimes during the season. The Tropical
Easterly Jet (TEJ) appears at the beginning of July and
continues until August with an intensity ranging from 10 to
25 m·s−1.

Figure 7(b) shows, in contrast to Dakar, that the AEJ at
Niamey is intense with speeds up to 25 m·s−1 in June. It
presents discontinuities until the end of the season. The TEJ,
with an intensity ranging from 10 m·s−1 and 25 m·s−1, is
visible only from July and disappears in late August.

The AEJ is more regular and stronger in Dakar than in
Niamey, and the TEJ is stronger in Niamey than in Dakar.
The AEJ is established earlier in Niamey than in Dakar. The
TEJ is much more intense in Niamey.

3.4. Profiles of Wind Direction at Coast (Dakar) and Conti-
nental (Niamey) Sites in JJAS 2006. Figure 8(a) shows that at
low levels, wind direction varies at Dakar site from Northwest
(Harmattan), Southeast and Southwest during JJAS period.
But the prevailing winds are South-West (monsoon) and
begin early in the season (June). We observe Southwest winds
at up levels (200 hPa) at the beginning and the end of the
season.

Figure 8(b) shows that in Niamey at the low levels,
wind direction varies from southwest (Monsoon), south-
southwest. The prevailing wind direction is Southwest (mon-
soon) with fluctuations in other directions. At up levels in
Niamey, at the beginning and end of the season, we observe
sometimes southwest and south winds. The dominant wind
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Figure 9: Profiles of potential temperature θ at 1200 UTC of 08/17/06 in Dakar (blue), of 08/26/06 in Niamey (red), and of 08/19/06 in Sal
(green).

directions in Dakar and Niamey are Southwest at low levels
and indicate the presence of the monsoon. At the up levels
(200 hPa) at the beginning and the end of the season, we
have the same dominant directions from east in Dakar and
in Niamey.

3.5. Comparison of Atmospheric Boundary Layer in Niamey,
Dakar, and Sal. We compare the structures of inland, coastal,
and marine boundary layers in the lower troposphere in the
range 0 to 2000 meters using their characteristic parameters,
their static stability stratification and thermal properties, and
moisture content. To do this, we use the sounding data at
1200 UTC and 0000 UTC of the case studies presented in
Section 2.

3.5.1. Comparison of Boundary Layers at 1200 UTC

(1) ABL Structure. Table 2 gives the values of characteristic
parameters of the boundary layer obtained from the profiles
of potential temperature θ deduced from 1200 UTC case
studies soundings (Figure 9). We observe the deepest mixing
layer of 1000 m thick at inland (Niamey), while at the coast
(Dakar), the mixing layer is shallow, and at the sea (Sal),
it does not exist. The capping inversion is thick (600 m) in
Niamey (red), but its temperature magnitude is very small
(1 K). The ground-based inversion in Sal (green) is thick
enough (550 m) with a strong temperature magnitude (6 K).
We observe that the inversion amplitude is greatest in Sal and
lowest in Niamey.

(2) Static Stability. We indicate in Table 3 the static stability
stratification of the boundary layers for inland, coastal,
and marine profiles deduced from equivalent potential
temperature θe (Figure 10). In Niamey, there is a thick
unstable layer from 0 to 1100 m topped by a neutral layer up
to 2000 m. This unstable layer thickness coincides with the
mixing layer (Table 2).

Table 2: Characteristic parameters of continental (Niamey), coastal
(Dakar), and marine (Sal) boundary layers at 1200 UTC for
respective case studies.

Variable
Niamey Dakar Sal

1200 UTC 1200 UTC 1200 UTC

h0 (m) 1100 200 0

hs (m) 0 0 0

h2 (m) 1700 600 550

Δh (m) 600 200 550

Δθ (K) 1 3 6

θm (K) 306 301 —

θ00 (K) 306,5 302 307,5

γ (K·km−1) 8,5 22,5 8,1

In Dakar, there is a complex stratification with an
unstable layer surmounted by a neutral layer and a double
layer alternating unstable and stable. The unstable first layer
overlaps the mixing layer thickness.

At Sal, the boundary layer has a stratification charac-
terized by a thick layer of ground-based stability, which
explains the absence of the mixing layer. This stable layer
is surmounted by a thick layer of instability from 600 to
2000 m.

(3) Thermal Properties. Figure 10 also indicates that the air
in Sal (green) is much warmer than in Dakar (blue) and
Niamey (red) from 200 m. Between 0 and 200 m, the air in
Niamey is warmer than in other sites. It is the coolest above
700 m. Below 700 m, the air of Dakar is the coolest of all.
The warmer air in Sal in the layer 200–2000 m is due to
the existence of the Saharan Air Layer (SAL). Warm air in
Niamey in the range 0–200 m is an expected result due to the
stronger daytime heating over a land surface. The existence
of a warmer air in Dakar above 700 m may be explained by
the influence of Saharan Air Layer in Dakar.
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Table 3: Static stability stratification of ABL determined from equivalent potential temperature θe at 1200 UTC for case studies.

Stations Study case Inversion of θe Characterization

Niamey (red) 08/26/06 at 1200 UTC
0–1000 m Unstable layer

1000–1700 m Neutral layer

1700–2000 m Stable layer

Dakar (blue) 08/17/06 at 1200 UTC

0–200 m Unstable Layer

200–600 m Neutral layer

600–800 m Stable layer

800–1300 m Unstable layer

1300–1400 m Unstable layer

1400–2000 m Unstable layer

Sal (green) 08/19/06 at 1200 UTC
0–600 m Stable layer

600–2000 m Unstable layer

Equivalent potential temperature profile
at Niamey, Dakar, and Sal at 12 h

330 360340 370 380 390350
0

2000

4000

6000

8000

10000

12000

H
ei

gh
t 

(m
)

Dakar: 08/17/2006
Sal: 08/19/2006
Niamey: 08/26/2006

Equivalent potential temperature (K)

360340 370 380 390350
0

200

400

600

800

1000

1200

1400

1600

1800

2000

Figure 10: Equivalent potential temperature (θe) profiles at 1200 UTC of 08/17/06 in Dakar (blue), 08/26/06 in Niamey (red), and 08/19/06
in Sal (green).

(4) Moisture Properties. Figure 11 shows profiles of mixing
ratio. The values of the mixing ratio r of continental
(Niamey), coastal (Dakar), and marine (Sal) sites are,
respectively, 12, 16.5, and 15.5 g/kg at the ground level
and decreases linearly with height. Note that the boundary
layer in Niamey (red) is significantly wetter than in Dakar
(blue) and Sal (green) between 500–1800 m, but it is drier
between 0–500 m. The boundary layer of Dakar (blue)
is more humid than in Sal (green) and Niamey (red)
significantly between 0–500 m. Then, it is drier between
600–2000 m in Dakar. The boundary layer of Sal (green)
is more humid than in Dakar (blue) and Niamey (red)
between 600–1800 m. These moisture properties differences
can be explained by the fact that during the JJAS period,
the Dakar and Sal sites were influenced by the Saharan Air
Layer (SAL), which is characterized by drier air than in
Niamey.

3.5.2. Comparison of Boundary Layers at 0000 UTC

(1) ABL Structure. Table 4 gives the values of characteristic
parameters obtained from the profiles of potential temper-
ature θ (figure not shown) deduced from 0000 UTC case
studies soundings.

Here the thickest mixing layer (400 m) is observed at
the coast (Dakar), while on the continent (Niamey), the
mixing layer is shallow and does not exist at all on the
sea (Sal). However, there is a residual mixing layer between
300–1000 m in Niamey. The capping inversion is very thick
(800 m) in Dakar, and its thermal amplitude is strong enough
(4 K). The ground-based inversion in Sal is thick enough
(500 m) with a low temperature range (2 K). It is found that
the amplitude of the inversion is lower in Sal.

(2) Static Stability. Table 5 shows the stratification of the
static stability of boundary layers for inland, coastal, and
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Figure 11: Mixing ratio (r) profiles at 1200 UTC of 08/26/06 in Niamey (red), at 08/17/06 in Dakar (blue), and at 08/19/06 in Sal (green).

Table 4: Characteristic parameters of the continental boundary
layer (Niamey), coastal (Dakar), and marine (Sal) at 0000 UTC for
case study.

Parameters
Niamey Dakar Sal

0000 UTC 0000 UTC 0000 UTC

h0 (m) 180 400 0

hs (m) 0 0 0

h2 (m) 310 800 500

Δh (m) 120 200 500

Δθ (K) 4 4 2

θm (K) 302 302 —

θ00 (K) 303 307 299

γ (K·km−1) 8,7 47,8 8

h′0 (m) 1000

h′s (m) 300

h′2 (m) 1050

Δh′(m) 50

Δθ′(K) 1

θ′m (K) 303

The “prime” denotes the same parameter as in the first list when there is a
residual mixed layer.

marine sites derived from profiles of equivalent potential
temperature θe (figure not shown).

In Niamey, there is a very thin unstable layer from 0
to 180 m surmounted by a stable layer up to 300 m. Then
there is a thick unstable layer from 300 to 1000 m. Then
there is a neutral layer from 1000 to 1800 m. Beyond and
up to 2000 m, there is a stable layer. The unstable layer 300–
1000 m coincides in thickness with the residual mixing layer
(Figure 12(b)).

In Dakar, there is a complex stratification with a thin
unstable layer surmounted by double alternating unstable

and stable layers. The unstable first layer in Dakar is the
mixing layer.

In Sal, the boundary layer is characterized by a layer of
instability 0–500 m capped by a thick layer of stability from
500 to 1200 m. Then there is an alternation of a thin unstable
layer (1200–1400 m) and a stable layer (1400–2000 m). The
ground-based thick layer of instability at Sal is a mixing layer
not detectable on the profile of potential temperature θ.

(3) Thermal and Moisture Properties. At night, the warmest
air in Dakar is aloft from 400 to 2000 m. Below 400 m, the
warmest air is in Niamey. From the surface to about 800 m,
the coolest air is found in Sal. Above 800 m, the coolest air is
observed in Niamey (figure not shown).

This configuration of the temperature profiles during the
night is a bit unexpected. The warmer air in Dakar could be
explained by the influence of the Saharan air layer, which
would not have influenced the site of Sal during the night
(Figure 2).

Note that the boundary layer in Niamey is significantly
moister than in Dakar and Sal from the surface to 2000 m
(figure not shown). The boundary layer of Dakar is more
humid than Sal up to 400 m, and moisture in Dakar and
Sal decreases above 400 m. In Dakar, there was a significant
dryness above 400 m, confirming the influence of SAL
(Sahara Air Layer).

3.6. Evolution of the Daytime Boundary Layer. Let us com-
pare, between 1200 UTC and 0000 UTC, the structures
and thermodynamic properties of boundary layers for case
studies. Remember that 0000 UTC sounding data in question
is that of the previous day or the next day at Niamey and
Dakar site. But at Sal site, because of the nonexisting data, we
took the night sounding data closest in time, which happens
4 days after. This causes that the evolution of the boundary
layer is not of diurnal scale at Sal but the comparison is made
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Table 5: Static stability stratification of ABL determined from the equivalent potential temperature θe at 0000 UTC for case studies.

Stations Study case Stratification of θe characterization

Continental (Niamey) 08/25/06 at 0000 UTC

0–180 m unstable layer

180–300 m stable layer

300–1000 m unstable layer

1000–1800 m neutral layer

Coastal (Dakar) 08/18/06 at 0000 UTC

0–380 m unstable layer

380–580 m stable layer

580–840 m unstable layer

840–1400 m stable layer

1400–2000 m unstable layer

Marine (Sal) 08/23/06 at 0000 UTC

0–500 m unstable layer

500–1200 m stable layer

1200–1400 m unstable layer

1400–2000 m stable layer
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Figure 12: Potential temperature θ (a), equivalent potential temperature θe (b), and mixing ratio r (c) profiles 08/26/06 at 0000 UTC (red)
and 1200 UTC (blue) in Niamey.

between a daytime boundary layer and nocturnal boundary
layer.

3.6.1. Change in the ABL Structure. A joint reading of Tables
2 and 4 shows that the height of the Niamey mixing layer
decreased significantly from 1600 to 120 m from day to night,
and also this is shown in Figure 8(a). Meanwhile, the height
of the capping inversion height fell from 1700 to 300 m. The
thickness of the inversion layer has also decreased from 600
to 120 m, but its thermal amplitude is increased from 1 to
4 K. Furthermore, it has established a residual mixing layer
whose thickness is considerable. In fact, the daytime mixing
layer ground-based, was divided into two mixing layers with
a mixing layer at the bottom very shallow 0–180 m and
a residual mixing layer depth of 300–1000 m. Between the
two layers is a layer corresponding to the stable nocturnal
inversion.

In Dakar, the height of the mixing layer increased from
day to night; from 200 to 400 m along the height of the
inversion layer is increased from 600 to 800 m at night

(Figure 10(a)). The thickness of the inversion layer remained
unchanged but its thermal amplitude was increased by 3
to 4 K from daytime to nighttime. In short, the diurnal
evolution has resulted in an increase in thickness of the
mixing layer due to turbulence associated to nonthermal
phenomena surely mesoscale or large-scale one.

In Sal, the nocturnal boundary layer structure is similar
to that of the daytime: with the absence of a mixing layer and
the existence of a thick layer of ground-based inversion, the
height has increased slightly from 500 to 550 m from night to
day (Figure 11(a)).

3.6.2. Diurnal Evolution of Static Stability. In Niamey, there
is the establishment of a stable layer at night between
180 and 300 m and a neutral layer between 1000 and
1800 (Figure 12(b)). Thus the nocturnal boundary layer
comprises two unstable layers separated by a stable layer
corresponding to the component called the stable boundary
layer (SBL) and a neutral layer between 1000–1800 m. The
diurnal evolution of the static stability of the boundary layer
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Figure 13: Potential temperature θ (a), equivalent potential temperature θe (b), and mixing ratio r profiles (c) of 08/17/06 at 1200 UTC
(blue) and 08/18/06 at 0000 UTC (green) in Dakar.
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Figure 14: Potential temperature θ (a), equivalent potential temperature θe (b), and mixing ratio r (c) profiles of 08/19/06 at 1200 UTC
(blue) and 08/23/06 at 0000 UTC (green) in Sal.

in Niamey has led to a stabilization of a portion of the lower
half of the daytime unstable layer and a moving to the neutral
state of the upper half. Overall, the instability of the daytime
boundary layer was maintained during the whole night but
was somewhat weakened in its top and bottom.

In Dakar, the diurnal evolution of the static stratification
is characterized by the destruction during the night of
the neutral layer whose lower part became unstable and
whose upper part was stabilized. Also the stable layer 600–
800 m during daytime became unstable (Figure 13(b)). And
conversely, the unstable layer 800–1300 m stabilized during
the nighttime between 850–1400 m. The unstable layer 1400–
2000 m kept the same static state during nighttime. The

thickness of the unstable layer corresponding to ground-
based mixing layer increased from 200 m to 400 m from
daytime to nighttime (Figure 13(b)).

In Sal, the mixing ratio profiles indicate that low levels
of humidity are almost between 0–300 m and a slight
moistening during nighttime 300 to 400 m. And a nocturnal
drying between 400 and 2000 m is observed (Figure 13(c)).

In Sal, the instability of the layer 0–500 m at nighttime
has replaced the stable layer from 0 to 600 m observed
in daytime (Figure 14(a)). Thick and unstable 600–2000 m
layer, which is stabilized during daytime, except for a narrow
unstable layer 1200–1400 m, was stable at the nighttime
(Figure 14(b)). Overall, the static stratification is modified
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at night with the establishment of instability in low levels
between 0–500 m and a stabilization of the upper tropo-
sphere.

3.6.3. Diurnal Evolution of Thermal and Moisture Properties.
In Niamey (Figure 12(c)), there is a nighttime cooling of the
boundary layer between 0–1500 m, and it is greater in the
mixing layer (1500–1700 m). Then, during the daytime, air
in the mixing layer is dried between 0 and 1500 m and 1800–
2000 m (Figure 12(c)).

The humidity remained unchanged in the boundary layer
between 0–2000 m in Niamey, but there is a slight increase
between 400–2000 m. during nighttime. A nocturnal slight
drying is confined in the layer 0–200 m corresponding to
the lower mixing layer (Figure 12(a)). Due to the lack of
vertical turbulent moving, the air in the stable layer 200–
400 m retained the same level of humidity during daytime
as well as nighttime.

In Dakar, a nighttime warming occurs over the entire
troposphere (Figure 13(b)) and is low between 0 to 400 m
and becomes more considerable with height and has a
maximum between 800 and 2000 m. Humidity profiles are
identical in between 0–400 m. Between 400–2000 m, the
nocturnal air became drier with a maximum drying at about
600 m.

In Sal, the lower troposphere has cooled a lot during the
nighttime between 0–2000 m with a maximum difference at
about 600 m (Figure 14(b)). Also, the mixing ratio profiles
indicate that there are nighttime drying between 0–700 m
and a slight moistening between 700–1000 m and 1300–
2000 m (Figure 14(c)).

4. Conclusion

The profiles of relative humidity during JJAS 2006 indicate
a higher humidification of Dakar in the month of June
and later in Niamey. There is a boundary layer with higher
moisture levels in Dakar and Niamey especially in the season
core (July and August). However, there are dry intrusions in
the low levels at the beginning and end of the season in Dakar
that do not exist in Niamey.

The profiles of wind speed show that the African Easterly
Jet (AEJ) and the Tropical Easterly Jet (TEJ) are observed at
both sites, but the AEJ is stronger and more regular in Dakar
than in Niamey. TEJ is stronger in Niamey than in Dakar.

The profile analysis of some thermodynamic parameters
deduced from sounding data of our case studies selected
by the criterion of the CAPE monthly maximum shows the
following main findings.

The profile of equivalent potential temperature θe also
determines the static stability of each of the different sub-
layers of the boundary layer and defines their respective
thicknesses. The mixing layer always corresponds to an
unstable layer and the inversion layer to a stable layer.

The boundary layer comparison showed that the mixing
layer on the continent during daytime can reach a height
h1 greater than 1100 m, and the inversion layer height h2

can exceed 1700 m. Therefore, the maximum thickness of

the boundary layer is observed on the continent during
daytime, while at nighttime the marine boundary layer is the
thickest.

The diurnal evolution determined from our case study
shows that the thickness of the mixing layer decreases during
nighttime over the continent but increases at the coast and
at sea. During nighttime, at the continental site of Niamey,
we observe a division of the mixing layer into two parts; the
upper mixing layer is the residual layer.

The continental boundary layer is more unstable at
daytime while at nighttime it is the marine boundary layer
that is more unstable than the coastal and continental ones.

The coastal mixing layer (Dakar) is significantly wetter
than the continental (Niamey) and marine (Sal) ones. The
marine mixing layer (Sal) is significantly wetter than the
continental one (Niamey). The nighttime cooling is greater
at sea than at the coast and at the continent.

Our future work will focus on the seasonal evolution of
the structure and properties of temperature and humidity of
the atmospheric boundary layer, respectively, at the inland,
coastal, and marine sites to validate the preliminary findings
of the present study which focused on a few case studies.
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Toulouse III-Paul Sabatier, 2009.

[7] A. K. Betts, J. H. Ball, A. C. M. Beljaars, M. J. Miller, and P. A.
Viterbo, “The land surface-atmosphere interaction: a review
based on observational and global modeling perspectives,”
Journal of Geophysical Research D, vol. 101, no. 3, pp. 7209–
7225, 1996.

[8] R. H. Johnson, “Large-scale effects of deep convection on the
GATE tropical boundary layer,” Journal of the Atmospheric
Sciences, vol. 38, no. 11, pp. 2399–2413, 1981.



14 International Journal of Geophysics

[9] M. Lothon, F. Couvreux, S. Donier et al., “Impact of coherent
eddies on airborne measurements of vertical turbulent fluxes,”
Boundary-Layer Meteorology, vol. 124, no. 3, pp. 425–447,
2007.

[10] F. Saı̈d, G. Canut, P. Durand, F. Lohou, and M. Lothon,
“Seasonal evolution of boundary-layer turbulence measured
by aircraft during the AMMA 2006 special observation
period,” Quarterly Journal of the Royal Meteorological Society,
vol. 136, no. 1, pp. 47–65, 2010.

[11] G. Canut, M. Lothon, F. Saı̈d, and F. Lohou, “Observation of
entrainment at the interface between monsoon flow and the
Saharan air layer,” Quarterly Journal of the Royal Meteorological
Society, vol. 136, no. 1, pp. 34–46, 2010.

[12] J. Redelsperger, C. Thorncroft, A. Diedhiou, T. Lebel, D. J.
Parker, and J. Polcher, “African monsoon multidisciplinary
analysis: an international research project and field campaign,”
Bulletin of the American Meteorological Society, vol. 87, no. 12,
pp. 1739–1746, 2006.

[13] P. Drobinski, “Dynamique de la couche limite atmosphérique:
de la turbulence aux systems de méso-échelle,” Synthèse
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The 2006 NASA-African Monsoon Multidisciplinary Analyses (NAMMA-06) field campaign examined a compact, low-level vortex
embedded in the trough of an AEW between 9–12 September. The vortex triggered a squall line (SL) in southeastern Senegal in
the early morning of 11 September and became Tropical Depression 8 on 12 September. During this period, there was a Saharan
Air Layer (SAL) outbreak in northwestern Senegal and adjacent Atlantic Ocean waters in the proximity of the SL. Increases in
aerosol optical thicknesses in Mbour, Senegal, high dewpoint depressions observed in the Kawsara and Dakar rawinsondes, and
model back-trajectories suggest the SAL exists. The close proximity of this and SL suggests interaction through dust entrainment
and precipitation invigoration.

1. Introduction

Westerly propagating squall lines (SLs) are frequent phe-
nomena in the West African Sahel during the Northern
Hemisphere summer [1, 2]. This SL formed and propagated
ahead of the trough region of an African Easterly Wave
(AEWs) [3, 4]. The development of SLs involves a com-
bination of atmospheric conditions including conditional
instability, low-level convergence, and vertical wind shear
between relatively cool, moist, monsoon lower tropospheric
air and warmer, drier Harmattan winds driven by the 650 hPa
AEJ [3, 5].

The structure of SLs in West Africa was observed and
analyzed during the Global Atmospheric Research Pro-
gram’s (GARP’s) Atlantic Tropical Experiment (GATE) and

Convection Profonde Tropicale (COPT 81) field campaigns
[3, 5–8]. Squall lines typically have a convective leading
edge that produces a short period of intense rainfall.
Observations show that intense precipitation extended 5 to
6 km above the surface (see reflectivity values of ≥50 dBZ
in [7], Figure 8, [8], Figure 7). Observations and modeling
studies suggest that SLs in the Sahel were embedded in
the troughs of AEWs [3, 9, 10]. The axis of the AEW
trough often contains two distinct mesoscale features: a
low-level Saharan heat low to the north of the AEJ and
a circulation at 650 to 700 hPa around 10◦N [11–14].
The trough of the AEW highlighted as “Wave 7” of the
2006 NASA-African Monsoon Multidisciplinary Analyses
(NAMMA-06) [15] took on these coupled dynamical fea-
tures.
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Figure 1: Map of cities and villages in Senegal where meteorological data relevant to this study was obtained.
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Figure 2: ECMWF Reanalyses streamlines and MODIS-Terra 550 nm AOT at 1200 UTC 10 September 2006.

The NAMMA-06 campaign extended from 15 August
through 30 September 2006. The NAMMA-06 Campaign’s
goals were to find differences between AEWs that produce
hurricanes and those that do not, the specific role of
the Saharan Air Layer (SAL) has on AEWs and tropical
cyclones, and to examine the role of cloud microphysics on
precipitation amounts and contribution. The NAMMA-06
study accomplished the goals by observing seven AEWs and
SAL outbreaks [15]. The SL in this study was one of two that
developed with an AEW propagating westward out of Mali
during the 9–11 September 2006 period and was a precursor
to Hurricane Helene. Moreover, NAMMA-06 included an
investigation of five SAL outbreaks and associated cloud
microphysical properties [16].

The primary goals of this paper are to use data from
the NAMMA-06 period to examine observations of an 11
September SL, SAL outbreak, and its interaction with the
SL. Data locations and sources are discussed in Section 2 and
the synoptic analysis and observations in Section 3. Obser-
vations of the 11 September SAL outbreak are presented in
Section 4. A brief synthesis of the SL and SAL interaction is
given in Section 5. Section 6 gives a summary of the major
results and ideas for future work.

2. Data Locations and Sources

The locations of sites within Senegal where meteorological
data were collected near the SL and SAL outbreak are
presented in Figure 1. The European Center for Medium
Range Weather Forecasting (ECMWF) 40-year (ERA-40)
Reanalysis data are used to examine the synoptic-scale and
mesoscale conditions in the vicinity of the SL. The ERA-40
Reanalysis covers the years of 1957–2010 and has a spatial
and temporal resolution of approximately 1◦× 1◦ and six
hours, respectively [17]. The data and locations include
flux tower measurements in Kawsara (14.7◦N, 17.1◦W)
(Figure 1), surface observations at the Cap Skirring Airport
(GOGS) (12.4◦N, 16.7◦W) (Figure 1), rawindsonde data
from Kawsara, Leopold Sedar Senghor International Airport
in Dakar (GOOY) (14.7◦N, 17.5◦W), and Tambacounda
Airport (GOTT) (13.8◦N, 13.7◦W) (Figure 1). The National
Centers for Environmental Prediction/Climate Prediction
Center (NCEP/CPC) 4 km globally merged Infrared cloud
top brightness temperature dataset [18] are used to evaluate
the location and intensity of the SL convection. The merged
IR product is also a Tropical Rainfall Measuring Mission
(TRMM) ancillary dataset. Additional storm-scale data are
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Figure 3: (a) ECMWF Reanalysis zonal winds (m s−1) at 0000 UTC 11 September for 200 hPa. (b) Composite ECMWF Reanalysis zonal
winds (m s−1) and streamlines at 0000 UTC 11 September for 650 hPa. (c) Composite ECMWF Reanalysis specific humidity (kg kg−1) and
streamlines at 0000 UTC 11 September for 850 hPa. (d) ECMWF Reanalysis streamlines at 0000 UTC 11 September for 925 hPa.

provided by the constant altitude plan position indicator
(CAPPI) and radar height indicator (RHI) cross-sections
from the NPOL radar (located in Kawsara), as well as the
United Kingdom Meteorological Service Arrival Time Dif-
ference (UKMET ATD) cloud-to-ground lightning data set.
The Aerosol Robotic Network (AERONET) Aerosol Optical
Thickness (AOT) data from Mbour, Senegal (14.39◦N,
16.95◦W), are used to indicate the presence of Saharan dust
aerosols in the storm environment. Back-trajectories from
the Hybrid Single Particle Lagrangian Integration Trajectory
(HYSPLIT) Model and MODIS Terra satellite images over
West Africa and the adjacent eastern Atlantic Ocean are
examined to highlight the interaction between the SL and the
SAL. Taken together, these data provide a robust and detailed
picture of the environmental conditions for this case.

3. Squall Line Environmental Characteristics

3.1. Synoptic View. The 10 September 2006 MODIS-Terra
550 nm AOT (Figure 2) displays AOT values that exceed
0.9 in western Senegal. These values stretch northward into
Mauritania. The 925 hPa flow from around a heat low in
Southern Mauritania at 1200 UTC 10 September suggests

that air from dust aerosols in the Sahara are advecting into
Senegal as early as 18 hours before the SL arrives.

The 0000 UTC analysis on 11 September 2006 depicts
several large-scale dynamical features over West Africa. The
Tropical Easterly Jet (TEJ) can be seen at 200 hPa extending
from central Africa westward along the Gulf of Guinea coast,
and then northwestward just offshore of Guinea-Bissau and
Senegal (Figure 3(a)). This jet helped support upper-level
divergence, which aided in repeated squall line development
with this AEW.

A closed circulation exists within the AEW trough axis
at 650 hPa, with the core of the AEJ just to its north
(Figure 3(b)). This closed circulation is also noted at 850 hPa
(Figure 3(c)) and 925 hPa (Figure 3(d)). A sharp gradient
in specific humidity can be seen over Senegal at 850 hPa,
separating the dry SAL regime from the much moister
(specific humidity > 0.012 kg kg−1) regime near the vicinity
of the incipient squall line. A Saharan heat low is also present
at 925 hPa (Figure 3(d)) over southern Mauritania; the flow
around the heat low advects dust aerosols south and east
toward central and eastern Senegal. This general circulation
pattern is characteristic of some AEWs [11–14]. The same
general circulation features were observed for this AEW with
the Global Data Assimilation System analyses [15].
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Figure 4: (a) Composite ECMWF Reanalysis zonal winds (m s−1) and streamlines at 0600 UTC 11 September for 650 hPa. (b) Composite
ECMWF Reanalysis at 0600 UTC 11 September for 850 hPa, specific humidity (kg kg−1) and streamlines. (c) Composite ECMWF Reanalysis
streamlines at 0600 UTC 11 September for 925 hPa.

At 0600 UTC (Figures 4(a)–4(c)), the low-level vortex
associated with the AEW at 850 hPa and 925 hPa is located
over southern Guinea (12◦W, 10◦N). These features, along
with the collocated 650 hPa AEW vortex and 925 hPa heat
low over southern Mauritania, are propagating westward.
The drier SAL regime has pushed further to the south
(Figure 5(b)), while dust continues to be advected into the
storm environment by the 925 hPa circulation. At 1200 UTC
(Figure 5(a)–5(d)), the vortex at 850 hPa has moved further
west with wind speeds increasing as suggested by the
streamlines. The Saharan heat low (Figure 5(d)) moves
southwestward to the northern coast of Senegal and the
compact streamlines at 650 hPa suggest that the circulation
is also strengthening. This circulation is centered 75–100 km
east of the coast of Guinea and continues moving west-
ward (Figure 5(b)). The position of these coupled features
shows that the northern end of the AEW trough axis is
moving faster than its southern end. Moreover, the 650 hPa
circulation is located northwest of the 850 hPa circulation,
indicating that the AEW circulation is tilted from southeast
to northwest with height (Figure 5(c)).

3.2. Satellite and Surface Observations. The merged IR
satellite observations (Figure 6) show the development and
evolution of the convection associated with the AEW. This

particular AEW had a history of producing numerous
squall lines; one such squall line can be seen moving
offshore at 0000 UTC 11 September [15]. A second SL (the
purpose of this study) is initiated in southeastern Senegal
at 0200 UTC (Figure 6(b)). As this SL developed IR, its
cloud-top temperatures cool to 200–220 K south of the 14◦N
latitude line (Figures 6(c)–6(f)); there is also an expansion
of the cloud canopy associated with this system. The cooling
cloud top temperatures are indicative of the SL intensifying;
the cloud tops are coolest at 0600 UTC (Figure 6(d)). This
system moved offshore between 0900–1000 UTC.

Pregust front/SL conditions in Kawsara and Cap Skirring
(Figure 7(a)) show a steady west (270◦) to west-northwest
(300◦) wind at both locations throughout the morning,
providing moist low-level onshore flow into the region. The
wind speeds range from 3.0 to 8.0 m s−1. Meanwhile, the
SL continued to propagate westward into a thermodynamic
regime conducive for the maintenance of strong convection.
Convective Available Potential Energy (CAPE) value of
3237 J kg−1 at 0000 UTC is observed at Dakar and 4443 J kg−1

at 0549 UTC at Kawsara (Table 1). At both locations, the
CAPE exceeds one of the highest COPT 81 values of
2810 J kg−1[9].

There was a marked temperature drop from 28.0◦C at
0900 to 22.0◦C at 1100 UTC at Cap Skirring (Figure 7(a))
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Figure 5: (a) ECMWF Reanalysis zonal winds (m s−1) at 1200 UTC 11 September for 200 hPa. (b) Composite ECMWF Reanalysis zonal
winds (m s−1) and streamlines at 1200 UTC 11 September for 650 hPa. (c) Composite ECMWF Reanalysis specific humidity (kg kg−1) and
streamlines at 1200 UTC 11 September for 850 hPa. (d) Composite ECMWF Reanalysis streamlines at 1200 UTC 11 September for 925 hPa.

Table 1: Depiction of the CAPE and CIN for Dakar, Kawsara, and
Tambacounda, Senegal, prior to the SL propagating into the vicinity
of these cities.

Locations
Time
UTC

CAPE
J kg−1

CIN
J kg−1

Dakar (14.7◦N, 17.5◦W) 0000 3237 −269

Kawsara (14.7◦N, 17.1◦W) 0549 4433 −128

Tambacounda (13.8◦N, 13.7◦W) 0000 1112 −190

associated with the squall line passage. In Kawsara, the
temperature dropped from 30.2◦C at 1130 UTC to 24.8◦C
by 1330 UTC (Figure 7(b)). Between the hours of 0900 and
1100 UTC, the pressure rises from 1011 to 1014 hPa in Cap
Skirring after the SL passage and from 1002 to 1006 hPa in
Kawsara after the gust front passed. These observations are
typical of squall lines and suggest a mesohigh followed the SL
and gust front [7, 8]. In both locations, the pressure dropped
quickly as the SL approaches and then rose afterward due
to the post-SL mesohigh. Moreover, at both Kawsara and
Cap Skirring, the wind shifts to an easterly direction and the
speed decreases to 1.0–4.0 m s−1 after SL passage.

3.3. Radar and Lightning Observations. The northern end of
the heavy convection associated with the SL passes through
Cap Skirring and to the south of Kawsara between 0900–
1200 UTC. Surveillance reflectivity scans (Figures 8(a)–8(d))
depict heavy precipitation (reflectivity greater than 45 dBZ)
propagating over Cap Skirring. By contrast, no precipitation
falls over Kawsara from the squall line; nevertheless, a narrow
band of relatively weak reflectivity values depict the gust
front moving through this region as well. While the squall
struggled to build northward, the gust front pushed as far
as 50–60 km to the north and northeast of the heavier
convection.

The CAPPI images in the top panels of Figures 9(a)–9(c)
depict the westward progression of the SL off the coast of
Senegal. The radar scans focus on the northern portion of the
SL in western Senegal. These observations coupled with the
surface data in Figure 7 and the surveillance scans in Figure 8
provide additional evidence that a dry gust front passes
through Kawsara during the late morning of 11 September
2006.

The dashed lines on the CAPPI images are the horizontal
locations of RHI cross-section plots in the bottom panels
of Figures 8(a)–8(c). A reflectivity contour of 6 dBZ reaches
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Figure 6: Continued.
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Figure 6: (a) Depiction of TRMM globally merged IR cloud top temperatures (K) on 11 September 2006 for 8◦N to 17◦N and 20◦W to
5◦W for 0000 UTC. The X denotes the 0000 UTC 925 hPa ECMWF Reanalyses Vortex Center. (b) Depiction of TRMM MERG IR cloud top
temperatures (K) on 11 September 2006 for 8◦N to 17◦N and 20◦W to 5◦W for 0200 UTC. (c) Depiction of TRMM MERG IR cloud top
temperatures (K) on 11 September 2006 for 8◦N to 17◦N and 20◦W to 5◦W for 0400 UTC. (d) Depiction of TRMM MERG IR cloud top
temperatures (K) on 11 September 2006 for 8◦N to 17◦N and 20◦W to 5◦W for 0600 UTC. The X denotes the 0600 UTC 925 hPa ECMWF
Reanalyses Vortex Center. (e) Depiction of TRMM globally merged IR cloud top temperatures (K) on 11 September 2006 for 8◦N to 17◦N
and 20◦W to 5◦W for 0800 UTC. (f) Depiction of TRMM MERG IR cloud top temperatures (K) on 11 September 2006 for 8◦N to 17◦N and
20◦W to 5◦W for 1000 UTC. (g) Depiction of TRMM MERG IR cloud top temperatures (K) on 11 September 2006 for 8◦N to 17◦N and
20◦W to 5◦W for 1200 UTC. The X denotes the 1200 UTC 925 hPa ECMWF Reanalyses Vortex Center.

up to nearly 15 km AGL, which is consistent with higher
cloud top heights at 0900 UTC (see Figure 6). However, while
the 48 dBZ contour extends horizontally for 10 km, it only
reached an altitude of 3 km AGL. This horizontally extensive
but shallow convection is consistent with the general lack
of convective intensity seen in this SL at 0900 UTC. At this
time, there is no trailing stratiform rain region associated
with this SL. Surveillance scans to the south (see Figure 8)
further reveal this underdeveloped stratiform region.

As the squall line transitions from a continental to mar-
itime regime, the convection associated with it became shal-
lower and less intense (Figure 9(b)). The reduced amount
of CAPE offshore relative to land most likely contributed
to the decrease in convective intensity; dropsondes released
offshore on 12 September indicated maximum CAPE values
of approximately 2500 J kg−1 (not shown), considerably less
than the values observed over land the previous day. A
study investigating an mesoscale convective system moving
over West Africa on 31 August 2006 also noted less favor-
able thermodynamic and dynamic conditions offshore that
contributed to convective weakening [19]. Although there
were a few small cells with 54 dBZ contours at 4 km AGL
observed in the horizontal cross section, the vertical cross
section taken through the leading edge shows the 42 dBZ
contour reaching only slightly above 4 km AGL. A secondary
reflectivity maximum at approximately 47 to 50 km distance
along the dashed line cross section is also observed. This
suggests that decaying cells from the convective leading edge
move rearward once they have reached a mature stage [20].
However, at 1000 UTC (Figure 9), the stratiform rain region

is even less cohesive with the leading edge to the west than
it was at 0900 UTC. This lack of cohesion of the stratiform
region is uncharacteristic of SLs observed in GATE and
COPT 81 [3, 5–8]. Figure 9(c) shows that the northern end of
the SL is approximately 50 km southwest of the NPOL radar
location at 1100 UTC.

Figure 10 depicts the UK-ATD lightning data [21, 22]
between 0400–1200 UTC on 11 September 2006. Lightning
flashes show that the SL extended southward from approxi-
mately 14.5◦N to 12.5◦N from 0400 to 0600 UTC as shown
by purple crosses. Lightning associated with the SL moved
westward from 0600 to 0800 UTC as shown by blue circles.
Between 0800–1000 UTC, the lightning flashes associated
with the SL as shown by red squares approached the West
African coastline. The lightning flashes associated with the SL
moved westward into the Atlantic between 1000–1200 UTC
shown by the yellow triangles. The region of lightning flashes
to the northeast of the SL persisted throughout this time
period.

4. Observations of Saharan Air Layer Outbreak

A significant SAL outbreak, one of five observed between 15
August and 15 September 2006 [23], preceded the SL on 11
September 2006. SAL outbreaks are defined as the onset of
a well-mixed, warm, dry, and dusty air mass 2.0 to 6.0 km
deep that originates from Saharan Africa and propagates
westward toward the Eastern Atlantic Ocean [24]. This air
mass (bounded by temperature inversions at its base and top)
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Figure 7: (a) Double y-axis plots containing an 11 September 2006 time series of wind speed in m s−1 and wind direction in degrees from
north for Kawsara and Cap Skirring, Senegal. (b) Double y-axis plots containing an 11 September 2006 time series of pressure in hPa denoted
by the solid line and 1.5 m temperature in ◦C denoted by the dashed line.

is usually 5 to 6◦C warmer than the more humid and shallow
(e.g., 1.2 to 1.8 km) marine boundary layer air below [25–
27]. Typically the AEJ forms around 650 hPa on the southern
edge of the SAL primarily due to the temperature contrast
between the warm SAL to the north and the relatively cooler
marine air to its south [24, 28, 29].

The ECMWF Reanalyses of 850 hPa specific humidity
on 11 September (see Figures 3(c), 4(b), and 5(c)) indi-
cate a tongue of low specific humidity (values less than
0.009 kg kg−1) extending south into coastal and northern
Senegal. The low moisture measurements are indicative of
drier air and dust intruding from the Saharan Desert into
northern Senegal. The moisture steadily increases to the

south and east over southeast Senegal, Mali, and Guinea-
Bissau.

Rawindsonde data also show the presence of the SAL in
the vicinity of the SL on 11 September 2006. At 0000 UTC,
the SAL (though weak and shallow) is present at Tamba-
counda, Senegal (Figure 11(a)) and (more prominently) in
Dakar (Figure 11(b)) and at 0549 UTC in Kawsara (Figure
11(c)). The depth of the SAL is denoted by the vertical
extent of the SAL between its lower and upper temperature
inversions. At Dakar (Figure 11(b)), the SAL extends from
935 hPa to 580 hPa, while at Kawsara (Figure 9(c)) it starts at
900 hPa and is capped at 600 hPa. At both locations (Figures
11(b) and 11(c)), there is a robust dewpoint depression on
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Figure 8: Surveillance scans of radar reflectivity (dBZ) time series for 0800 UTC, 0902 UTC, 1002 UTC, and1100 UTC on 11 September
2006. The black circles designate the 100, 150, 200, and 250 km radial distances from the NPOL radar.

the order of 15 to 20◦C in the layer of 850 to 800 hPa.
The depth and atmospheric stability of the SAL in Dakar
and Kawsara prevented the squall line from building this far
north. At the same time, the rather weak and shallow SAL at
Tambacounda did not impede the squall line here.

Post-SL rawindsonde (Figure 12(a)) data indicate a moist
profile (modified by the squall line passage just before 0800
UTC) at 1200 UTC for Tambacounda. At both Dakar (1200
UTC, Figure 12(b)) and Kawsara (1402 UTC, Figure 12(c)),
a deep SAL layer remains after the squall has moved to the
west of this region. The SAL exists between 920 hPa and
610 hPa at Dakar. The highest dewpoint depression at Dakar
and Kawsara (Figure 12(c)) is around 875 hPa where the
dewpoint was 7◦C while the temperature is 26◦C.

At Mbour (see location in Figure 1), Figures 13(a)–13(d)
depict aerosol optical thickness (AOT) measurements from
the Aerosol Robotic Network (AERONET) Dakar station.
Low AOT values below 0.30 are found on 08 September
(Figure 13(a)), and a steady increase is observed over
subsequent days (Figures 13(b)–13(d)). By 10 September
(Figure 13(c)), AOT values are approximately 0.65 and
increase to 0.71 during the early morning of 11 September.
The high AOT values on 10-11 September are indicative of
the dustiness associated with the SAL. The AOT values, in
concert with the wind flow at 925 hPa and 850 hPa, suggest
that the dry, dusty SAL is being entrained into the squall line
inflow.

Two-day back-trajectories from the HYSPLIT Model at
Dakar, Kawsara, and Tambacounda (Figure 14) illustrate the
origins of the air mass at various altitudes over western
Senegal on 11 September. The air mass at 3.0 km in altitude

in Tambacounda at 1200 UTC 10 September originated out
of the Sahara; by contrast, the origin of the air mass at
0.5 km and 1.5 km originates over the Eastern Atlantic basin
and northern Senegal, respectively (Figure 14(a)). Dakar and
Kawsara exhibit airflow from the Sahara at both 1.5 km and
3.0 km at 0000 UTC 11 September (Figure 14). This deeper
airflow out of the Sahara explains the greater vertical extent
of the SAL and stronger temperature inversion at its base
over Dakar and Kawsara as compared to Tambacounda.
These conditions also contributed to enhanced atmospheric
stability, which lead to weakening of the northern portion of
the squall line.

5. Discussion

The SL was generated by an AEW in southeastern Senegal at
0000 UTC on 11 September 2006 (Figure 6). A SAL outbreak
was building into the western Senegal and the adjacent
Atlantic Ocean waters. The SL approached the coast and
was several hundred kilometers ahead of the AEW vortex by
0900 UTC. The southern two-thirds of the SL maintained
its strength. This is noted by its NPOL reflectivity and
the robust lightning flashes observed by WWLLN south
of 14◦N. The northern third weakened in the presence of
abundant dust noted by the lack of lightning north of 14◦N
(Figure 10), the Kawsara and Dakar radiosondes (Figures
11(a) and 11(b), 12(a) and 12(b)), increasingly high AOT
at Mbour (Figure 13), no recorded rainfall by the AMMA22
and AMMA23 rain gauges (not shown), and precipitation-
free boundary in Kawsara during the 0900 to 1200 UTC
hour. Moreover, HYSPLIT modeling (Figure 14) provides
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Figure 9: (a) A horizontal constant altitude plan position indicator (CAPPI) image at 4.0 km altitude and radar height indicator RHI plots
of the NPOL radar reflectivity (dBZ) along the leading convective line on 11 September 2006 at 0900 UTC. The negative sign in the CAPPI
images indicates distance in the westward direction. The dashed line in the CAPPI image represents the location of the cross section. In the
RHI images, ordinate axis is height z in km and the azimuthal is the distance in km along the cross-section. (b) A horizontal constant altitude
plan position indicator (CAPPI) image at 4.0 km altitude and radar height indicator RHI plots of the NPOL radar reflectivity (dBZ) along
the leading convective line on 11 September 2006 at 1000 UTC. The negative sign in the CAPPI images indicates distance in the westward
direction. The dashed line in the CAPPI image represents the location of the cross section. In the RHI images, ordinate axis is height z in km
and the azimuthal is the distance in km along the cross-section. (c) A horizontal constant altitude plan position indicator (CAPPI) image at
4.0 km altitude and radar height indicator RHI plots of the NPOL radar reflectivity (dBZ) along the leading convective line on 11 September
2006 at 1100 UTC. The negative sign in the CAPPI images indicates distance in the westward direction. The dashed line in the CAPPI image
represents the location of the cross section. In the RHI images, ordinate axis is height z in km and the azimuthal is the distance in km along
the cross-section.

evidence that particles in coastal Senegal at 0800 to 1000 UTC
originated from the Sahara implying that Saharan dust was
present in this region.

The reflectivity values in Figure 8 indicate that the
southern part of the SL weakened as it propagated off the
coast, particularly by 1100 UTC; however, the reflectivity is
the only observation that reveals the southern portion of
the SL weakens. This is similar to the transition the 31
August SL in DeLonge et al. [19]. No solid conclusion can be

made on the SL and AEW transition to Hurricane Helene.
There are not aircraft observations or TRMM overpasses
over this SL on 11 September to make the connection. More
aircraft- and surface-based measurements are needed to tie
this AEW and SL to other coastally transitioning storms. The
next set of aircraft observations are not until 12 September
2006. At this time, the AEW develops into Hurricane
Helene by then (Jenkins et al. [23] and Zawislak and
Zipser [15]).
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2006.

6. Conclusion

The NAMMA-06 campaign provided measurements for
coastal Senegal. These observations provided insight into
the dynamics and thermodynamics of the SL and SAL.
The ECMWF Reanalyses show that the AEW and SL were
in a favorable environment for continued strengthening
and maturing. These observations included ground-based
measurements such as flux tower measurements, radiosonde
launches, and AERONET. There was remote sensing data
from the NPOL radar, TRMM MERG, and MODIS satellite
products. These observations revealed that the westerly prop-
agating SL and the SAL in the lower troposphere interacted.
The interaction was evident through the weakening of the
northern portion of the SL. The HYSPLIT back-trajectory
model gives indication of impending dust. Even though
CAPE was high and an SL-related boundary passed through
Kawsara, there was not precipitation on its northern end.

There are avenues for additional work on this paper.
Additional plausible ideas for future research include aircraft
observations that might identify the role SAL aerosols have
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Figure 13: (a) A time series plot of 440 Angstrom AOT for 8
September 2006 at Mbour, Senegal. (b) A time series plot of 440
Angstrom AOT for 9 September 2006 at Mbour, Senegal. (c) A
time series plot of 440 Angstrom AOT for 10 September 2006 at
Mbour, Senegal. (d) A time series plot of 440 Angstrom AOT for 11
September 2006 at Mbour, Senegal.

on clouds, precipitation, and developing tropical systems.
Despite there being observations and arguments to support
the negative interaction of the two (e.g., Wong and Dessler
[30]), there is evidence that dust and aerosol entrainment
into convective systems acts as cloud condensation nuclei
subsequently forming precipitation and banding. Wong and
Dessler [31] concluded that Saharan dust increased the
number of cumulus cloud particles in the North Atlantic
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Figure 14: (a) The 48-hour HYSPLIT back-trajectory valid for 1200 UTC 10 September 2006. (b) The 48-hour HYSPLIT back-trajectory
valid for 0000 UTC 11 September 2006. (c) The 1150 UTC Terra MODIS Visible Composite Satellite and 48-hour HYSPLIT back-trajectories
valid 1200 UTC, 11 September 2006. Back-trajectories are for air parcels at 0.5 km AGL (red), 1.5 km AGL (blue), and 3.0 km AGL (green).

in the summer of 2006. Rainbands of 2006 Tropical Storm
Debby were invigorated by dust (Jenkins et al. [23]). The
precipitation-free gust front that passed through Kawsara is
an interesting phenomena to explore.

Exploring these topics include high-resolution mesoscale
model simulations of AEWs, SLs, and SAL outbreaks, which
combine cloud microphysics, aerosols, and precipitation.
Sensitivity tests of microphysical, convective, planetary
boundary layer, and aerosol schemes could be done for
the Western and Central African continent and the Eastern
Atlantic Ocean. Answers to these questions would provide
rich insight into SL, AEW, and SAL formation, charac-
teristics, and interactions and to how crucial they are to
forecasting in the Eastern Tropical Atlantic Ocean.
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In 2008, the seasonal forecast issued at the Seasonal Climate Outlook Forum for West Africa (PRESAO) announced a high risk
of above-normal rainfall for the July–September rainy season. With probabilities for above-normal rainfall of 0.45, this forecast
indicated noteworthy increases in the risk of heavy rainfall. When this information reached the International Federation of Red
Cross and Red Crescent Societies (IFRC) West and Central Africa Office, it led to significant changes in the organization’s flood
response operations. The IFRC regional office requested funds in advance of anticipated floods, prepositioned disaster relief items
in strategic locations across West Africa to benefit up to 9,500 families, updated its flood contingency plans, and alerted vulnerable
communities and decision-makers across the region. This forecast-based preparedness resulted in a decrease in the number of
lives, property, and livelihoods lost to floods, compared to just one year prior in 2007 when similar floods claimed above 300
lives in the region. This article demonstrates how a science-based early warning informed decisions and saved lives by triggering
action in anticipation of forecast events. It analyses what it took to move decision-makers to action, based on seasonal climate
information, and to overcome traditional barriers to the uptake of seasonal climate information in the region, providing evidence
that these barriers can be overcome. While some institutional, communication and technical barriers were addressed in 2008,
many challenges remain. Scientists and humanitarians need to build more common ground.

1. Introduction

1.1. West Africa’s Vulnerability to Climate Shocks. Seasonal-
to-interannual variability of the climate system has major
impacts on the populations of West Africa, one of the world’s
lowest-income regions. Here, 75% of the active population
is employed in a rain fed agricultural sector [1], which is
highly climate sensitive. Only 2 percent of the total cultivated
land in West Africa is irrigated or under some other form of
water management, the remaining 98% being rain fed [1].
In countries such as Niger or Burkina Faso, up to 92% of
the active population is employed in the rain-fed agricultural
sector [1]. A growing majority of the population also lives in

ill-planned urban shantytowns built on flood plains where
they settled during the prolonged Sahelian drought period
from the early 1970s to the late 1980s [2, 3]. The droughts
drove peasants out of the countryside and into unplanned
periurban settlements where functioning drainage systems
are rare and so are vulnerable to flooding [4, 5]. Fifteen of
West Africa’s seventeen countries lie at the bottom of the
human development ladder, according to the United Nations
Development Program Human Development Index ranking,
and are classified among the twenty-two poorest countries in
the world [6].

Against this context of high exposure to climate vari-
ability and low coping capacity, even slight changes in
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temperatures and expected rainfall patterns can affect vast
numbers of vulnerable people. Thus, when natural hazards
occur in the region, they tend to cause disasters that increase
poverty further. Disasters result from the combination of
naturally driven hazards, human-induced conditions of
vulnerability, and insufficient capacity or measures to reduce
the potential negative consequences of risk [7].

1.2. Science-Based Forecasts to Benefit the Most Vulnerable.
The extreme vulnerability of West Africa to climate vari-
ability makes the region an ideal potential beneficiary of
the type of seasonal climate information provided through
the Regional Climate Outlook Forums (RCOFs; [8]). The
Prévisions Saisonnières en Afrique de l’Ouest (PRESAO),
West Africa’s Seasonal Outlook Forum, was established in
1998 and has occurred annually each May to provide a
consensus forecast for the coming July–September rain-
fall season. The PRESAO brings together scientists and
hydrologists from National Meteorological and Hydrological
Services (NMHSs), and regional and international climate
centers to discuss and agree on the forecast for the July-
August-September (JAS) rainy season over West Africa. This
consensus-based forecast issued at the end of the PRESAO
forum is considered an authoritative voice on conditions
most likely to prevail over the upcoming JAS season in West
Africa, Cameroon, and Chad.

In the past, seasonal forecasts have been underutilized for
many reasons. Institutionally, there had been no sustained
dialogue between climate institutions and humanitarians in
the region in the past. Culturally, a shift was needed from a
mindset of disaster response to one of preparedness and early
action. Financially, convincing donors to fund preparedness
activities for predicted events that were only probable,
not certain, was a challenge. Technically, information pro-
vided by meteorologists was largely incomprehensible to
the regional decision maker/disaster manager/Red Cross
volunteers. Scientifically, the information was often not
salient to the latter’s information needs and was given in
terms of probabilities to reflect uncertainty inherent in the
forecast, requiring new strategies for taking decisive action.

Not unique to West Africa, this disconnect between
forecasters and humanitarians partly explains why vulner-
able populations worldwide continue to be impacted by
predictable natural hazards, as illustrated, for instance, by
the 2005 famine in Niger, cyclone Nargis in Myanmar, and
hurricane Katrina in the United States [9]. Despite the
significant potential of early information about likely cli-
matic hazards to aid vulnerable groups in better coping with
climate variability, save lives, and preserve livelihoods in this
highly climate-sensitive region, across Africa there are only a
few haphazard instances of successful transmission and use
of available climate and weather forecasts, and other climate
risk management tools by policy makers and communities at
risk.

1.3. Challenges to the Uptake of Seasonal Climate Information
in Africa. Regional climate outlook forums (RCOFs) are
the chief means through which seasonal climate forecasts

are developed for subregions within Africa. RCOFs are held
on an annual or biannual basis in advance of the rainy
season, with the seasonal forecast usually developed for a
90-day climate window and at national or regional scales.
Forecasts are expressed in probabilistic terms, reflecting
the likelihood of below-normal, normal, or above-normal
rainfall. Following the rainy season, some simple verification
analyses are performed, but end-user communities are
typically not included in retrospective analyses to understand
the use and value of preseason information.

The top-down information flow that characterizes the
RCOF process tends to preclude input from intended ben-
eficiaries as to how forecasts can best be translated to address
specific societal needs, or how to develop knowledge pack-
ages that bundle climate predictions with information about
appropriate remedial actions or other livelihood priorities
[10–12]. This reliance on RCOFs as the predominant vehicle
for seasonal forecast dissemination has proven inadequate
for reaching vulnerable populations and being integrated
into their decision making processes [11].

Patt and Gwata [13] delivered seasonal forecasts to
farmers in four villages in Zimbabwe, one in each of the
country’s four predominant natural regions, between 2000
and 2001. Their experience shows that the factors constrain-
ing use of the forecasts by the farmers include: (i) credibility
(communities do not trust the message), (ii) legitimacy (lack
of trust in the people who deliver the message, that is, the
messengers), (iii) scale (the need for better geographic and
temporal downscaling of region-wide seasonal forecasts),
(iv) cognition (if users do not understand a forecast, they
will not use it), (v) procedures (a forecast that arrives too
late, after farmers have already purchased their crops and
fertilizers for the season, is not salient to their needs), and
(vi) choices (when forecast does not contain enough new
information, decisions will not be changed based on a
forecast).

Thus, the causes of limited dissemination and use of
seasonal information across Africa appear to be as follows:

(a) lack of outreach to key stakeholders at the national
and subnational levels, such as disaster management
agencies, public health officials, community-based
humanitarian organizations, and water managers,
including vulnerable groups, such as urban slum
dwellers, farmers, and fishermen; in line with the
lack of outreach to key stakeholders, the inexistence
of communication systems to communicate hazard
alerts to communities at risk.

(b) poor interpretation and communication of forecasts;

(c) forecasts in their current form are insufficiently
relevant to information needs and decision making
timelines (non-salience);

(d) inability to act on forecasts;

(e) lack of trust in seasonal forecasts.

Can these systemic constrains to seasonal climate informa-
tion use be overcome? If so, what is required to spur decision
makers to action based on ex-ante seasonal predictions?
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In the following section, we review each of these con-
straints and then proceed to analyze the no-regret strate-
gies carried out by the International Federation of Red
Cross and Red Crescent Societies (IFRC) ahead of the
2008 floods in West Africa that substantially helped to
address the constraints to seasonal forecast use for disaster
prevention. These strategies included mobilizing funding
ex-ante flooding occurrence, hiring an in-house intern to
translate scientific seasonal climate information into lay
language operational for decision making, prepositioning
disaster relief items across the region in the likely event that
the forecast materialized, securing partnerships with regional
climate production centers, as well as training additional staff
and communicating the seasonal forecast through trusted
Red Cross branches and community volunteers at the na-
tional and subnational levels.

2. Background: Constraints to Use of
Climate Information

2.1. Lack of Outreach to Key Stakeholders at the National
and Subnational Levels. The content and process of existing
climate information are not adequately designed to reach
vulnerable groups dwelling at the most basic geographic
levels, that is, villages or marginalized urban settlements
[4, 14]. Community radios constitute an effective means of
reaching remote communities with information, but they are
only seldom used to ensure that forecasts reach vulnerable
communities in the region [15, 16]. The lack of operational
community-level relays of climate information, media out-
lets, and information-sharing systems that ensure the trick-
ling down of climate information to the communities that
most need it further constrains the ability of communities to
access forecasts. For example, in Southern Africa, available
forecast information does not specifically target vulnerable
groups, and so the information either does not reach the
community level at all or fails to reach the more marginalized
groups [10, 17–20].

2.2. Poor Communication of Forecasts. Issues relating to lan-
guage, content, and format of forecasts compound the poor
accessibility of climate information. Indeed, these aspects
of the forecast are not adequately considered to ensure
forecast comprehension by community-level users [10, 14,
17, 19]. In Southern Africa, for example, very few NMHSs
translate their forecasts beyond English, potentially exclud-
ing the most vulnerable yet important sectors of the target
population (e.g., farmers, pastoralists, fishermen, and urban
slum dwellers) from receiving and being able to use the
forecasts [10]. Also, the probabilistic nature of seasonal
forecasting is prone to misinterpretation and confusion if
probabilities are translated into deterministic statements and
warnings or are otherwise manipulated.

2.3. Nonsalience of Current Forecasts (Scientific Barrier). The
current content and mode of climate information does not
effectively address many of the concerns of community-level
stakeholders, due to present limits in climate forecasting

science. This lack of relevance, or specificity, in seasonal
forecasts has multiple dimensions, including issues of poor
spatial resolution of forecasts with respect to local-scale
decision making needs, and an absence of information about
intraseasonal rainfall distribution, as well as about cli-
mate parameters other than rainfall. Improving the local
specificity of climate information in Africa will require
greater investments in infrastructure to support hydro-mete-
orological applications. In Africa, the density of meteorolog-
ical stations is about eight times lower than the minimum
recommended by the World Meteorological Organization
(WMO); many of these stations are nonfunctional and
governments have failed to invest in equipment and trained
personnel [21].

While rainfall is the chief concern for many end users,
providing information about other climate parameters, such
as relative humidity and temperature, would help countries
to monitor soil moisture conditions in cropping areas
and protect particular commodities, such as livestock, if
temperatures exceed critical thresholds. For example, Ingram
et al. [22] found that farmers in different agroecological
zones in Burkina Faso were interested in receiving seasonal
precipitation forecasts, but they were much more interested
in receiving forecasts of when the rains would start and end,
and whether there would be interruptions in rains.

Also related to insufficient forecast specificity is the
apparent or potential lack of relevance of seasonal climate
forecasts in some situations. For example, contradictions can
exist between climatologically and agronomically optimal
windows for seeding crops in high-risk farming environ-
ments. While the former relies on evidence from large-scale
weather and climate dynamics to determine the “safe” start
of the growing season, the latter considers effects of nitro-
gen leaching, weed competition, pest pressure, and seedl-
ing damage from heavy precipitation in deciding when to
begin cultivation [23].

2.4. Low Capacity to Act on Forecasts. Climate information
must compete with other livelihood demands, and while
there may be sound climate-related reasons for heeding a
forecast, there are often equally compelling reasons not to,
particularly where resources or capacity are inadequate for
effective action. The extent to which knowledge and infor-
mation are acted upon at the local level depends upon per-
ceptions of risk from current and future hydrometeorological
hazards, as well as the influence that the array of nonclimate
factors bring to bear on the risk calculus. Grothmann and
Patt [24] describe how farmers in Zimbabwe, given a forecast
of below-normal rainfall, still chose to grow maize over
millet when the potential crop loss risks from drought were
weighed against the substantial risks that might ensue from
not growing maize, given the extent to which institutional,
societal, and market forces were aligned in favor of maize
production.

If farmers lack sufficient access to inputs, land, equip-
ment and other capital, and credit, then they generally
cannot effectively apply climate information, as in Southern
Africa [18, 19]. Similarly, in Burkina Faso, farmers need
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greater access to basic agricultural technologies, such as
plows, new crop varieties, and fertilizers, before they could
benefit fully from precipitation forecasts [15]. Bundling
capacity building efforts for seasonal climate forecast use
with timely access to credit or agricultural production inputs
can help lower the threshold for acting on climate forecast
information. The dissemination of the forecasts should be
part of an extension package that includes a discussion of
the probabilistic nature of the forecasts, potential response
strategies, and risk management [22]. Social constraints,
for example, the inability of younger decision makers to
bypass family hierarchy in changing decisions about resource
allocation and crop choice for a given season, can also
constrain the ability to act on forecasts [15].

2.5. Lack of Trust in the Forecasts. Before communities can
absorb incoming scientific information, trust needs to be
built because acting on the information could mean shifting
decisions and making costly, high-risk investments. Caution
is justifiable given the marginality of household resources
within many vulnerable communities. Building a trusting
relationship between communities at risk from climate
hazards and forecasters (or their messengers) is of cen-
tral importance in understanding whether community-level
decision makers will use received forecasts or not. One way
to instill understanding of and trust in climate information is
through the use of participatory workshops designed to help
farmers and other target groups to better understand and
use seasonal climate forecasts [22]. These workshops can
improve trust and credibility of forecasts and provide an
opportunity for farmers to experience repeated exposure to
and become familiar with the concepts behind probabilistic
forecasting, thus allowing better comprehension of what
forecasts can and cannot do. Workshop participation can
positively influence the anticipatory behavior of participants,
through broadening their perceived range of options for
the coming cultivation season, and the workshops provide
spillover effects to the larger community as participants share
information with nonparticipants.

An example from Mali illustrates well the importance
of participatory processes in communicating climate infor-
mation to community-level stakeholders. The Direction
Nationale de la Météorologie du Mali, the country’s NMHS,
has been transmitting detailed agrometeorological informa-
tion to groups of farmers since 1983. They have found that
the participatory processes developed to provide agrometeo-
rological advice to farmers have aided understanding of how
to provide the information in a comprehensible and suitable
manner, such that it is congruent with traditional practices
or agricultural calendars [16]. Forecasters at Mali’s national
meteorological agency found that they could not hold
stakeholder meetings in all the villages where demand for
agrometeorological advice was increasing, so they gradually
scaled up the project while heavily relying on rural radios and
dispensing advisories for wider regions and for each different
crop type.

Figure 1 summarizes the bottlenecks that have tradition-
ally constrained the use of climate forecasts in Africa, and

1- Gap between climate information
providers and end-users

3- Communication systems barrier

Community
level

Early warning

Early action

2- Language barrier

4- Scientific barrier (skill level)

5- Lack of trust in forecasts

6- Low capacity to act on forecasts

-

Climate info

Figure 1: The bottlenecks to climate information access and use by
vulnerable communities in West Africa (source: [14]).

their trickling down to communities most at risk. Despite
these barriers to the use of climate information, in 2008, the
seasonal forecast for West Africa was utilized by a regional
humanitarian organization, the IFRC office of West and
Central Africa, to plan its disaster response operations for
the flood season, and as a result, lives and livelihoods were
preserved in the region. In the next sections of this paper, we
attempt to understand what changed in 2008 to enable the
use of seasonal forecast information by a decision maker in
the region, and how this year differed from just a year prior
when flood disasters affected West Africa.

3. Methods

In order to understand the processes that triggered IFRC’s
utilization of the 2008 seasonal forecast, we undertook a
number of process tracing steps. Firstly, we compared IFRC’s
disaster management strategies in 2008 with those in 2007,
when the signals of probable flood conditions were not used
to trigger preparedness measures. Secondly, we traced the
processes that helped build capacity within IFRC (the largest
humanitarian organization in the world), and particularly
in its West and Central Africa Zone Office (WCAZ) to
understand and use of science-based forecasts leading up to
2008. Then, through interviews with all of the actors involved
in IFRC WCAZ’s 2008 disaster management process, we
proceeded with an events analysis of the organization’s
disaster preparedness and planning before the flood season
in 2008 in West Africa, including the forecast-based decisions
made by the IFRC-WCAZ. Finally, reports and news clips
enabled the characterization of the final outcome of the 2008
rainy season, as well as the analysis of the achievements,
and limitations, of IFRC’s forecast-triggered disaster risk
management strategies.

4. Results

4.1. IFRC’s Disaster Management Strategy in 2007: Science-
Based Warning + Inaction = Avoidable Losses. In 2007,
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a seasonal forecast from the PRESAO (Figure 3) indicated
enhanced probabilities of heavy rainfall, notably,

(i) in the far west region of West Africa, straddling
Southern Chad, northern Cameroon and Nigeria,
and Eastern Niger (where above-normal rainfall was
the most likely outcome with a probability of 0.5);

(ii) an equal likelihood of normal and above-normal
rainfall conditions throughout the rest of the Sahel,
with associated probabilities of 0.4 and 0.4;

(iii) most likely normal conditions only in the Gulf of
Guinea countries, with a probability of occurrence of
0.5 [27].

When the forecast above-normal rainfall conditions did in-
deed materialize and severe floods occurred, the humani-
tarian community responded in emergency response mode,
lacking advance knowledge on when and where floods were
more likely to occur. The 2007 floods claimed more than
300 lives across West Africa and occasioned severe damage
to crops, homes, and infrastructure [28].

The Red Cross did not access the PRESAO forecast in
2007 or during previous years, due to the weak-to- non-ex-
istent communication lines between climate forecasting cen-
ters (at the regional and national levels) and the Red Cross
presence in the region (regional-level disaster planners and
community-level volunteers). On the one hand, regional
climate forecasting institutions such as the African Centre
of Meteorological Applications for Development (ACMAD)
and AGRHYMET, the regional authority for meteorological
applications to food security, duly produced their forecasts
and sent them to their national relays: NMHSs. On the other
hand, the Red Cross continued to respond to weather-related
disasters as it had always done, not using existing climate
information—which they often did not know existed—as
input into their decision making and contingency planning
at the onset of the rainy season.

Natural hazards thus consistently became disasters de-
spite the fact that (a) scientists in the region could anticipate
their likely occurrence and (b) the humanitarian sector, and
the people they serve, had the capability to act on the ground
to thwart losses. The early warning was not turned into early
action.

4.2. Building Capacity within IFRC-WCAZ to Understand and
Use Science-Based Forecasts. Over the last few years, various
processes contributed to improving the Red Cross’ capability
to link climate science with humanitarian work. These were
encouraged by a growing momentum at the global level
within the IFRC to build preparedness in the face of the
humanitarian challenges of climate change, and included the
following.

4.2.1. Growing Role of Climate Information in the Red
Cross/Red Crescent Movement. In a context of changing cli-
mate risks, the Red Cross/Red Crescent Climate Centre was
created in 2002 with the mission of supporting the Red Cross
and Red Crescent movement to understand and address the

humanitarian consequences of climate change and extreme
weather events. The Centre’s main approach is to raise aware-
ness, advocate for climate adaptation and disaster risk re-
duction, and integrate knowledge of climate risks into Red
Cross Red Crescent strategies, plans, and activities. By 2008,
a total of 39 Red Cross/Red Crescent national societies,
including 14 from Africa, had joined the “Preparedness for
Climate Change” program. Instead of only focusing on cli-
mate change information based on scenarios for the end of
the century, the program emphasized the need to link with
forecast providers to improve decisions on all timescales and
at various geographic levels from continental to community
level.

In 2007, the 30th International Conference of the Red
Cross and Red Crescent (its highest governing body, com-
prised of 186 national societies and national governments)
committed to improve capacity to respond, including
through better disaster preparedness, and to integrate climate
risk management into policies and plans. Such high-level
commitment enabled an easier uptake of offers to explore
options for forecast-based humanitarian decisions. The
disaster management coordinator for IFRC West and Cen-
tral Africa Zonal Office attended and organized various
workshops co-organized by the Climate Centre aimed at
integrating climate science into disaster risk management.

4.2.2. First Steps in Science-Humanitarian Dialogue in West
Africa. Three noteworthy changes occurred in 2008 to ini-
tiate a dialogue between Red Cross staff and climate fore-
casters, and to enable the transmission and use of the 2008
forecast.

(i) A new partnership between the IFRC and the Inter-
national Research Institute for Climate and Society
(IRI) at the global level enhanced the capacity of the
humanitarian organization to understand science-
based forecasts. Through this partnership, the IFRC-
WCAZ office was provided with ready access to
expertise that could explain and interpret climate
information. A help desk was established that allowed
for timely and reliable responses to questions about
forecasts or recent climate anomalies, and an intern
went to the IFRC-WCAZ in the summer of 2008
to assist disaster managers in better understanding
and incorporating climate information into disaster
planning.

(ii) In 2008, the Red Cross Disaster Management Coor-
dinator for West and Central Africa became enthusi-
astic on initiating a dialogue with climate scientists
regionally and attended the PRESAO-11, the first
time a disaster manager attended this scientific fo-
rum. Building on this initial outreach, IFRC-WCAZ
spearheaded a drive for more outreach to the climate
science community.

(iii) The severity of the 2007 floods, and memory of the
frenzied response operations that followed, put Red
Cross disaster planners in a favorable disposition
towards increased preparedness.
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When the 2008 seasonal forecast reached the IFRC-WCAZ
and warned of a heightened risk of above-normal rainfall,
and this information was translated into language that they
could understand, Red Cross disaster managers set in motion
early action strategies that appear to be common sense but
had never been implemented in the past.

4.3. The 2008 Seasonal Forecast

4.3.1. Contents of the Consensus-Based Forecast: Cause for
Concern. In May 2008, the consensus-based forecast issued
at the end of the PRESAO announced that the JAS rainy
season over West Africa had enhanced probabilities of above-
normal rainfall, implying that the region was likely to
experience increased risk of heavy rainfall events [25]. The
PRESAO forecast, issued on May 21st 2008 by ACMAD,
indicated increased probabilities for higher than normal
rainfall throughout much of the Sahel belt from Senegal to
Cameroon (probabilities of 0.45 and 0.50 in zones I and II,
respectively; see Figure 2). Against a historical probability
of 0.33, these probabilities for above-normal rainfall were
unusually high, and warranted heeding.

An updated seasonal climate forecast issued by ACMAD
on June 27th re-affirmed the forecast issued a month earlier
of high probabilities of rainfall higher than normal, and
very low probabilities of below-normal rainfall over the
region. ACMAD concluded its seasonal forecast update by
stating that if forecast conditions persisted, the risk for
flood disasters and water-related diseases could be higher
than usual this year, requiring “strengthened weather watch,
monitoring, and warning” for sectors like health, food
security, water resources, and civil protection [25].

The International Research Institute for Climate and
Society (IRI) seasonal precipitation forecast for Africa for the
July–September period echoed the same warnings, indicating
probabilities for above-normal rainfall for July–September
similar to those of the PRESAO forecast, albeit differences
in the geographic area at risk at the northern and southern
frontiers of the Sahel and in months covered. The IRI forecast
map for extreme seasonal rainfall (more than the 85th
percentile) for June–August gave an even stronger message,
signaling Senegal, the Gambia, and neighboring countries,
as the only areas in the world with “highly enhanced”
probabilities of rainfall extremes (see Figure 3).

As of May 2008, all the main sources (national, regional,
international) provided a unanimous message that most
parts of West Africa were more likely to experience higher
than usual rainfall over the upcoming season. Although
all these seasonal forecasts referred explicitly only to the
seasonally integrated rainfall, and not to individual heavy
rainfall events that are the primary cause of flooding, it is
reasonable to assume that the actual risk of flooding will
increase during a year in which the total rainfall is expected to
be unusually high. (Further research on the extent to which
this assumption is valid is clearly warranted.)

4.4. Communication of the Forecast to IFRC-WCAZ. When
the seasonal forecast reached the IFRC Regional Office in
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Figure 2: The 2008 PRESAO forecast: Probability forecast for
precipitation over July-August-September (source: [25]).
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Figure 3: World areas likely to be at risk of “extreme” precipitation
in the JJA season (source: [26]).

Dakar, the first challenge consisted of helping decision mak-
ers at IFRC-WCAZ understand the contents and implications
of the PRESAO forecast. The intern from IRI played an
instrumental part in this assistance and served as in-house
translator of the received seasonal forecast maps. The 2008
seasonal forecast map was largely incomprehensible to the
IFRC regional disaster managers because of the technical
language used, the absence of detailed, clear commentary,
and the lack of clarity on how the forecast information
might be relevant to their humanitarian work. To this effect,
an all-staff climate briefing was organized in early June by
the IFRC-WCAZ Disaster Management Unit to share the
PRESAO forecast with all operational departments at IFRC-
WCAZ. During this briefing, Figures 3 and 4 were shown and
explained by the intern.

Contrary to expectations, the probabilistic nature of the
forecast did not pose any challenges to the Red Cross disaster
planners; they welcomed it as an approximate answer to
their question: whether or not disasters were going to occur.
Even though it did not tell them with certainty whether
disasters would be taking place, it still provided them with
a rational and scientifically-informed process of making key
planning and resource allocation decisions under uncer-
tainty, one which was coherent with the way they usually
operated. Indeed, as disaster planners, they were accustomed
to preparing their relief interventions based on contingency
plans and various scenarios for intervention at the beginning
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Figure 4: Observed rains and location of stocks prepositioned
by IFRC in June–August 2008, represented by triangles (source:
authors).

of the rainy season. In the past, however, none of these plans
were informed by seasonal climate forecasts.

4.5. Linking Early Warning with Early Action: Ex-Ante Fore-

cast-Based Decisions Made by IFRC at the Regional Level

4.5.1. First Pre-Emptive Appeal in IFRC History Based on
a Seasonal Forecast. Based on the PRESAO seasonal July–
September 2008 and the IRI June–August seasonal forecasts,
the IFRC drafted a zonal Flood Contingency Plan and issued
a funding request to the Disaster Relief Emergency Fund
(DREF), an internal Red Cross funding source. This appeal
requested a total of CHF 298,376 (USD 284,167) in order to
prepare for the heightened risk of floods in the region. The
IFRC WCAZ explained in this request its worry that catas-
trophic floods were looming, drawing upon the ACMAD and
IRI forecasts as its sources of information, explaining that
while not certain the high probabilities still warranted action
and advanced preparation was needed.

This DREF request was granted. A preliminary emer-
gency appeal for flood preparedness in West and Central
Africa was then issued on July 11th, requesting USD
730,000 in contributions from humanitarian donors to fund
preparedness activities throughout the region [29]. Both
PRESAO and IRI maps were again included in this appeal
as justification for the need to get ready and prepare for
forewarned floods. It was clearly explained therein that the
forecasts were in terms of probabilities. This was the first time
in the history of the Red Cross movement that funds were
requested in advance to prepare for an emergency based on
seasonal forecast information. It constitutes a positive in-
stance of climate information duly transmitted and acted on.

Unfortunately, donors did not commit in time: funds
from the preliminary appeal did not arrive until late August,
after flood disasters were already underway. However, the
IFRC-WCAZ was still able to use funds immediately available
from the DREF to preposition emergency stocks in Dakar,
Accra, and Yaoundé [30].

4.5.2. Prepositioning of Relief Items. Once funds were made
available, the IFRC-WCAZ began the prepositioning of
nonfood relief items (blankets, mosquito nets, soap, bottles,

tents, etc.) in Dakar (Senegal), Yaoundé (Cameroon), and
Accra (Ghana) to benefit up to 9,500 families in the event
of flooding. Under a typical ex-post response scenario, these
items would have been flown in from the IFRC’s Dubai
warehouse once floods arrived, or procured separately, lead-
ing to a more time-consuming and costly shipment of relief
supplies.

This “no-regret” approach was the strategy used by
IFRC-WCAZ to address the uncertainty inherent in the sea-
sonal forecast. Indeed, by prepositioning only non-per-
ishable items that could be reused during future flood events,
disaster managers at IFRC-WCAZ were able to minimize
their potential losses and justify their ex-ante use of funds
without complete certainty of the occurrence of a disaster.

4.5.3. Training of Additional Red Cross Disaster Management
Personnel. Following the forecast of a high-risk rainy season
the IFRC-WCAZ trained in early July twelve leaders of
Regional Disaster Response Teams (RDRTs), to be deployed
to the field within 48 hours of a disaster in the region to
coordinate relief operations and conduct a rapid assessment
of damage and needs. These RDRT leaders were specifically
trained in understanding medium-term weather forecasts
accessible online via the IFRC’s online Disaster Management
Information System so that they would be able to monitor
rainfall throughout the season, and write national flood con-
tingency plans using real-time meteorological information.
Additionally, at the end of the training, all RDRT leaders were
provided with travel insurance (rendering them “deployable”
within 24 hours of onset of a flood disaster in the region)
and were asked to prepare a flood contingency plan for their
respective countries, by July 15th [31].

4.5.4. Partnerships with Regional Climate Centers. Finally,
a significant achievement from the 2008 experience is the
demand it created within IFRC-WCAZ for additional climate
information. Building on this strong desire to reach out
to regional climate research centers as a pathway to secure
inflow of reliable and trustworthy climate information at the
regional level, formal partnerships were initiated and put in
writing in late July with both ACMAD and AGRHYMET.
Throughout the 2008 rainy season, IFRC-WZAC reached out
to these scientific partners, inquiring about likely atmo-
spheric conditions in given countries and constantly request-
ing additional information to followup on the seasonal
forecast. This process of interaction culminated in the
signature of a Memorandum of Understanding between
ACMAD and IFRC-WCAZ, the first ever partnership accord
signed between climate scientists and humanitarians in the
region.

4.5.5. Communication of the Forecast. Utilizing the Red
Cross’ extensive network of volunteers on the ground, the
IFRC-WCAZ was able to share the seasonal rainfall forecast
with countries and communities at risk throughout West
Africa. By July, the seasonal forecast was received by all Red
Cross National Societies deemed to be at potential risk from
flooding during the July–September rainy season (countries
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located in Zones I and II, Figure 1). Varying levels of cap-
acity of these national societies, however, hindered or facil-
itated the distribution of the forecast to local Red Cross
branches at district and village levels. In many instances,
Red Cross volunteers serving as community relays of forecast
information were able to take the information to people at
risk in effective ways, using distribution channels as inno-
vative as transport buses (Togo Red Cross), cellular phone
text messages (Burkina Red Cross), and word of mouth.

4.6. Outcome of the 2008 Rainy Season:

Heavy Rains and Reduced Losses

4.6.1. Rainfall during the 2008 Season. Heavy rainfall events
occurred throughout the July–September rainy season in
West Africa. Although the forecasts are probabilistic in
nature and so cannot be properly verified considering only
this single case, there are grounds for arguing that because
the forecasts indicated high probabilities of above-normal
rainfall, they were “good.” The IFRC-WCAZ reinterpreted
the forecast in terms of risk of flooding (associated primarily
with individual heavy rainfall events) within the season
rather than in terms of seasonal total rainfall, and so from
their perspective, the season contained multiple verifications
rather than a single one. In addition, for the advanced
preparedness actions undertaken, precision in the location of
areas of heavy rain was not necessary. The disaster managers
were not concerned about whether such flooding would
occur throughout the regions of increased probabilities of
unusually large seasonal totals, but only that there would
be an unusually large number of flooding events scattered
somewhere within (or, for some decisions, somewhere near)
the area of enhanced probabilities for a wet season.

Figure 4 depicts the locations of flood-related disasters
requiring Red Cross intervention in West Africa during the
2008 rainy season and shows some geographical coherence
with the seasonal forecasts: ten out of the twelve severe
flood events that took place occurred in Zone I of the
PRESAO forecast map, where above-normal rainfall had
been predicted as the most likely outcome. Only two floods,
in Togo and Cameroon, occurred in the Zone III Gulf of
Guinea countries, where the probability for above-normal
seasonal rains was close to climatology.

When the floods came, the Red Cross movement on the
ground was already aware, informed, and ready to intervene,
thanks to the preparedness measures endeavored by the IFRC
Zone Office. These initiatives helped raise awareness at the
national level in the countries at risk, where humanitarian
actors were able to initiate national-level actions to prepare
for likely flood events. In the words of Jerry Niati, Assistant
Disaster Management Coordinator at the IFRC in Dakar “In
2007, we were just being asked to do things; in 2008, we were
initiating action by raising awareness and sharing forecast
information” [32].

4.6.2. Damage and Losses Reduced. A preliminary IFRC
assessment of the results of having engaged in early action
during the flood season 2008 concluded that after the initial

region-wide preparations had been put in place, more direct
action at the local level could be taken in response to shorter-
range forecasts. Because of this early action, the following
outcomes at national and community levels were possible.

(i) In Ghana, the Volta River Authority Power Company
and its Burkinabe counterpart SANOBIL agreed
upon a control regime to protect communities along
the Black and White Volta Rivers during the 2008
rainy season. Volunteers of the Ghana Red Cross
thus set out to advise fishermen not to go out
on the river between August 21–23, the announced
period of excess spillage from the Bagre Dam. These
actions saved lives and reduced damage in August and
September of that year compared t0 2007 [28].

(ii) In Togo, in response to the 2008 seasonal forecast,
a communication system was established to enable
the circulation of information from the national Red
Cross society’s headquarters, to contact focal points
in the regions, districts, and communities at risk and
back. In the community of Atiegou Zogbeji located
north of Lomé, a community leader went through
the flood-prone community with a loudspeaker when
riverbed water levels reached dangerous levels asking
people to evacuate [33]. With just an hour and a
half ’s notice, the population of approximately 2000
was able to evacuate. When the floodwaters arrived,
physical damage occurred, but no loss of life [28].

(iii) In response to being informed of the seasonal forecast
and participating in the RDRT leaders’ training, the
Gambia held its own National Disaster Response
Team (NDRT) training, in which volunteers and
branch officers from seven different districts were
trained in disaster preparedness. As a result of this
training and preparation, the Gambia Red Cross
proved very efficient in performing a postflood needs
assessment and submitting a funding request within
two days of flooding (a process which generally took
them several weeks after the flood event).

Across the region in 2008, most countries received needed
relief supplies from the Red Cross in a matter of days after the
flooding. In contrast, the year before it took on average forty
days to deliver many relief items and services. A preliminary
quantitative comparison between the costs of flood response
alone (2006 and 2007) and the cost of flood response with
Early Warning-Early Action (2008) also showed a 33% lower
cost per beneficiary [28].

These assessments are only indicative, but they attest to
the positive results that can be yielded when disaster planning
is informed by climate science.

5. Discussion: Towards Systematic Early
Warning-Early Action in West Africa

The Red Cross’ 2008 experience with forecast-based disaster
planning in West Africa clearly demonstrates the potential
of climate forecasts to inform decision making and serve
society. It also confirms all of the constraints identified by the
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literature that explain why forecasters and decision makers
have not been collaborating with each other.

An analysis of the Red Cross’ 2008 experience, however,
reveals that a number of systemic elements can also serve to
be instrumental to overcome these constraints. These are as
follows (Table 1).

5.1. A Confident Forecast. Two positive attributes of the 2008
seasonal forecasts were particularly instrumental in polariz-
ing the attention of Red Cross disaster planners and spurred
them to action.

(1) The forecast was confident. The signal over West
Africa in 2008 was strong enough that all the
forecasting models under consideration indicated
enhanced above-normal rainfall probabilities over
most of West Africa. The agreement between the
forecasts, combined with the strong message from the
IRI “Extreme Precipitation” forecast map (Figure 4),
was instrumental in making decision makers appre-
ciate the level of urgency of the forecast.

(2) The forecast was timely. Following the attendance of
the IFRC regional disaster manager to the PRESAO,
the seasonal forecast was received by IFRC-WCAZ
in late May, which gave one-month lead time to the
humanitarian organization to trigger early prepared-
ness actions (request funds for flood preparedness,
inform communities at risk, train more disaster relief
personnel, etc.).

5.2. The Use of “No-Regret” Strategies, a Useful Approach
to Act on Probabilistic Forecasts. Events in 2008 evolved in
line with the most likely scenario of above normal rainfall.
However, the anticipated heavy rainfall could have failed to
verify and events could have unfolded contrary to expecta-
tions. Indeed, there was still a 0.5 probability of normal or
below-normal rainfall, combined, to occur in Zone II, and
even higher probabilities in Zones I and III. Given the large
inherent uncertainty in the seasonal forecasts, one positive
strategy that the Red Cross adopted to address lingering
uncertainty was to implement no-regret strategies. No-regret
strategies consisted of actions and interventions that did
not involve the commitment of resources to emergency
relief goods or services that could go to waste if no floods
materialized. These included prepositioning relief items that
national Red Cross disaster managers could reuse during
successive years if forecast floods did not occur in 2008, as
well as capacity building and training of additional Red Cross
community volunteers on first aid and disaster assistance
procedures, needed in any case as part of the Red Cross’
daily operations during peace as well as crisis time. In this
sense, whether the most likely scenario forecast materializes
or not, the situation that ensues is still a win-win from the
standpoint of the decision maker committing resources on
the basis of the forecast. This strategy of investing in no-
regret initiatives (which are beneficial even in the baseline
without any disaster) is an effective win-win strategy to
address the uncertainty inherent in climate forecasts.

5.3. Funding for Forecast-Based Early Action: A Challenge to
Continued Use of Seasonal Forecasts to Trigger Emergency Pre-
paredness. Expanded use of forecasts to trigger emergency
preparedness will require that donors are willing to support
such activities. Indeed, 2008 was the first time that a seasonal-
forecast-based flood preparedness appeal was issued, and
given the novelty of the endeavor, the severity of the 2007
floods, as well as the urgency beckoned by the forecast, the
IFRC Regional Office was able to request and secure some
funds for preparedness. However, most of the limited funds
only arrived when the floods were already underway.

The main reason explaining donors’ slow response may
be that forecast-based preparedness falls through the cracks
of the two well-established disaster management funding
channels that currently exist: (a) postdisaster work (response,
recovery and reconstruction) and (b) long-term risk reduc-
tion work (often as part of regular development assistance).
Most donor agencies lack mechanisms specifically designed
to support humanitarian action based on forecasts on
different timescales. Action based on forecasts may seem
too emergency focused to justify funding through regular
development assistance channels, but too early to warrant the
use of disaster relief budgets, often perceived as being meant
to relieve true human suffering once a disaster occurs.

Because of this gap between funding for relief and long-
term risk reduction, there is a need for a dialogue between
humanitarian organizations and donor agencies on how best
to support forecast-based humanitarian action. Some have
suggested that the new international climate change financ-
ing arrangements could play a role in filling that gap [34].
Such dialogues should be built on strong evidence on the
potential benefits of forecast-based interventions, in terms
of quality of humanitarian outcomes, and in terms of
cost effectiveness of financing for humanitarian relief.
Donors will probably not adequately support this early
warning-early action approach unless they are provided with
reliable, rigorous information proving how collaboration can
lead to effective reduction of losses and/or more efficient use
of scarce resources.

In 2008, the only truly rapid funding came from the
Disaster Response Emergency Fund (DREF), a special mech-
anism dedicated for quick response before a full appeal is
launched, for smaller disasters where no appeal may be issued
at all, and to start humanitarian action for imminent (rather
than only actual) disasters. Similar fund-based mechanisms
perhaps specifically aimed at action based on probabilistic
forecasts rather than at responding to single disasters seem to
be a good vehicle for expanded forecast-based preparedness
activities.

5.4. Packaging and Content of Climate Information Unfit for
Community Decision Making. Save for the notable example
of the community of Atiegou Zogbeji in Togo that evacuated
in response to a flood early warning issued by the National
Red Cross of Togo, the 2008 seasonal forecast did not
contribute to trigger meaningful behavioral change beyond
the regional and national levels. This is a conspicuous
limitation of the 2008 use of seasonal climate information
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Table 1: Key Achievements, Limitations and Lessons learnt from the Red Cross’ 2008 Early Warning-Early Action initiative in West Africa.

Obstacle type Achievements Remaining obstacles Recommendations

(1) Institutional (gap
between providers and
users of climate
information)

Initiation of a dialogue between Red
Cross-West Africa and regional
climate providers (ACMAD,
AGRHYMET); formal partnership
established with ACMAD, securing
inflow of reliable climate
information (at the seasonal to
short-term timescales)

Insufficient capacity in
humanitarian sector to provide
scientists with meaningful feedback
on how to tailor forecasts to
humanitarian needs.
No packaging of provided
information to the specific decision
making needs of communities at
risk

(i) Increased provision of feedback
to scientists on provided
information and continued
exchanges.
(ii) Overcome the obstacles to
community level access and use of
climate information, through
participatory processes bringing
together providers of climate
information with communities at
risk

(2) Mindset (no tradition
of disaster preparedness
and prevention among
policy-makers, current
paradigm of response)

Shift from a mindset of Response to
one of Preparedness through use of
forecast (understanding that
climate risk can be managed);
Managers of the Red Cross Disaster
Relief and Emergency Fund (DREF)
convinced to release funds ex-ante
of floods’ onset based on seasonal
climate forecast.

Early warning-early action not
systematic; funding of emergency
appeal too little, too late;
absence of international funding
frameworks for forecast-based
disaster management

(i) Systematize early action through
the development of standard
operating procedures, clearly
assigning roles and responsibilities
for action.
(ii) Develop international funding
framework for forecast-triggered
disaster management

No-regret strategies implemented
by Red Cross: win-win strategy,
effective way of placing
loss-minimizing bet on
probabilistic forecast

No clearly defined thresholds of
intervention, or chain of command
to carry out early actions following
forecasts

Define clear thresholds of
intervention, linking early actions
to specific early warnings for
relevant hazards probabilities of
occurrence

(3) Technical (content of
forecasts unintelligible to
decision makers)

2008 forecast timely (adequate lead
time), contextual, and confident

Forecast still not usable by decision
makers as unintelligible without an
in-house climate translator

Render climate forecasts less
technical and jargon-filled, more
understandable to users untrained
in climate science, through detailed,
clear forecast commentary in lay
language; establish help desks.

—
Low capacity of users to understand
and use forecasts

Build capacity of users to absorb
forecasts and understand their
uses/limitations through
user-scientist trainings; initiative
mostly urgent at national level to
enable meaningful Early
warning-early action at the
community level

(4) Scientific (low skill
level)

Realization that existing seasonal
forecasts over West Africa provide
information useful for disaster
managers (e.g., likelihood of
above-normal rainfall over the
course of the season)

Limited forecasting skill over West
Africa render current seasonal
forecast irrelevant to decision
making needs of community-level
stakeholders; climate forecasts
unable to respond to key
information needs of end users in
the region (e.g., onset of rainy
season, rainfall distribution across
season); regional climate research
not driven by the information needs
of decision makers

Decision maker needs to inform
future regional climate research
(user-driven research), namely on:

(a) threshold identification and
probabilistic representation using
terciles (“above normal” does not
enable decision making)

(b) additional geographic
precision

(c) intraseasonal extremes
distribution

(5) Limited capacity to act
on forecasts

Use of existing community-level
capacity (Red Cross volunteers,
solidarity groups at community
level) to disseminate early warnings
to communities at risk

In context of low human
development, very limited capacity
to act on seasonal forecast
information

Supplement seasonal warnings with
accompanying measures that enable
communities to act on received
information, adopt behavioral
change, and increase their resilience
to forecast hazards
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Table 1: Continued.

Obstacle type Achievements Remaining obstacles Recommendations

(6) Low trust in forecasts

A consensus-based confident
forecast (high probabilities)
inspired confidence in the climate
science to inform decision making

This time the high probabilities for
above normal rainfall announced in
the forecast materialized
themselves; in the future when
probability level is invalidated will
the same trust remain? Is there
enough understanding among Red
Cross decision makers about the
uncertainties inherent in the
forecasting process?

(i) Better explanation of the science
and limits of climate forecasting
(and the uncertainties involved in
the process of climate forecasting)
to develop trust.
(ii) Participatory, sustained and
reiterated workshops explaining, to
regional, as well as national and
community-level end stakeholders
uses of climate information

that suggests that, in their current form, seasonal forecasts
are best able to inform decision making at the regional and
national levels, but not to lead to useful behavioral change in
communities at risk. The bottlenecks to climate information
access and use beyond the regional and national levels
remain and will require more focused efforts for climate
information to be relevant and accessible to community-level
stakeholders.

5.5. Summary of Findings. Most obstacles to seasonal fore-
cast use remain in place even now. The packaging of
the seasonal forecast is far from ideal, capacity to absorb
information remains low, procedures and donors are still
focused more on response than prevention. In 2008, the
strong confident signal for likely above-normal rainfall and
the presence of an in-house climate information translator
and of an institutional champion open to innovation allowed
for the seasonal forecast to be transmitted and acted on by
the Red Cross. These conditions are not guaranteed to ensure
ongoing progress unless sustained efforts are maintained
to turn early warnings into early actions through standard
practice—not just within IFRC and other humanitarian
organizations, but also in the climate-meteorological com-
munity at large, and among donors.

The Red Cross in West Africa used a seasonal forecast to
inform its disaster planning in 2008 in ways that saved lives,
preserved livelihoods, and increased the resilience of com-
munities at risk. This experience teaches that the distance
between the climate science community and humanitarians
can be bridged to generate positive outcomes for vulnerable
populations, provided that there exist the following.

(1) A community of climate information providers ready
to engage with users and respond to their informa-
tion needs;

(2) a drive among humanitarian workers, and more
generally, end users, to access and understand climate
information and act upon it when there is a suffi-
ciently strong signal;

(3) a disaster management framework (including the
donor community) that facilitates a shift from

response to preparedness, with mechanisms to mobi-
lize resources for loss-reducing ex-ante measures at
various timescales;

(4) community relays able to take the information to
people at risk in effective ways.

This successful example of ex-ante flood management was
stimulated through capacity building and institutional in-
vestments, new partnerships, and sustained user-scientist
dialogues. These are important lessons about constraints to
climate information use in Africa.

The results presented in this article are only suggestive;
a thorough evaluation of the early warning-early action
approach that started in 2008 is needed, one that will require
longer time series and more rigorous impact assessments.
But the Red Cross’ 2008 flood management experience in
West Africa demonstrates what can happen when a seasonal
rainfall forecast, one that is confident, and timely, is duly
accessed, understood, trusted and acted on by decision
makers. In so doing, it also provides a valuable illustration
of the applications that can be made of probabilistic seasonal
forecasts (notably through no-regret strategies), with posi-
tive impacts for communities at risk.
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[23] P. C. S. Traoré, M. Kouressy, M. Vaskmann et al., “Climate
prediction and agriculture: what is different about Sudano-
Sahelian West Africa?” in Climate Prediction and Agriculture:
Advances and Challenges World Meteorological Organization,
M. V. K. Sivakumar and J. Hansen, Eds., pp. 189–203, 2007.

[24] T. Grothmann and A. Patt, “Adaptive capacity and human
cognition: the process of individual adaptation to climate
change,” Global Environmental Change, vol. 15, no. 3, pp. 199–
213, 2005.

[25] African Center for Meteorological Applications to Develop-
ment (ACMAD), Seasonal forecast of precipitation bulletin for
West Africa, Chad and Cameroon for July-August-September
2008.

[26] O. Ndiaye, J. Hansen, and A. Robertson, “Prediction of rainfall
frequency and related quantities in West Africa,” Case Paper,
International Research Institute for Climate and Society (IRI),
Columbia University, New York, NY, USA, 2008.

[27] African Center for Meteorological Applications to Develop-
ment (ACMAD), Climate Watch Africa Bulletin no. 6, 2007.

[28] L. Braman, “Early warning, early action: an evaluation of
IFRC West and central Africa zone flood preparedness and
response,” International Federation of the Red Cross and Red
Crescent Societies (IFRC) Report 56, IFRC, 2009.

[29] International Federation of the Red Cross and Red Crescent
Societies, “West and central Africa: flood preparedness emer-
gency appeal,” Tech. Rep. MDR6100, IFRC, 2008.

[30] International Federation of the Red Cross and Red Crescent
Societies, “Early warning—early action: the experience of
West African floods, 2007-2008,” International Federation of
the Red Cross and Red Crescent Societies (IFRC) and Red
Cross/Red Crescent Climate Centre Climate Risk management
Case Paper 6, 2009.

[31] A. Tall, “Bridging the gap between the climate science
community and the IFRC West and Central Africa Zone
Office,” Report, International Federation of the Red Cross /
Red Crescent Report, 2008.

[32] J. Niati, personal communication, 2009.
[33] M. Daly, “Translating climate information into action: con-

sidering next steps for early warning, early action in West
and Central Africa,” in Proceedings of the 3rd World Cli-
mate Conference, World Meteorological Organization, Geneva,
Switzerland, 2009.

[34] Munich Climate Insurance Initiative, Draft Article for Risk
Reduction and Insurance Mechanisms in the context of Ad-
aptation to Climate Change For Party consideration in the
Copenhagen negotiating text, 2010, http://www.climate-
insurance.org/upload/pdf/20090410 draft MCII April 24
submission.pdf.



Hindawi Publishing Corporation
International Journal of Geophysics
Volume 2012, Article ID 748921, 12 pages
doi:10.1155/2012/748921

Review Article

Review of Recent Developments and the Future Prospective in
West African Atmosphere/Land Interaction Studies

Yongkang Xue,1, 2 Aaron Boone,3 and Christopher M. Taylor4

1 Department of Geography, University of California, Los Angeles, CA 90095, USA
2 Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA 90095, USA
3 Meteo-France, CNRM, Toulouse, France
4 Centre for Ecology & Hydrology, Crowmarsh Gifford, Wallingford, Oxon OX10 8BB, UK

Correspondence should be addressed to Yongkang Xue, yxue@geog.ucla.edu

Received 29 June 2011; Accepted 3 January 2012

Academic Editor: Andrea Sealy

Copyright © 2012 Yongkang Xue et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper reviews West African land/atmosphere interaction studies during the past decade. Four issues are addressed in this
paper: land data development, land/atmosphere interactions at seasonal-interannual scales, mesoscale studies, and the future
prospective. The development of the AMMA Land Surface Model Intercomparison Project has produced a valuable analysis
of the land surface state and fluxes which have been applied in a number of large-scale African regional studies. In seasonal-
interannual West African climate studies, the latest evidence from satellite data analyses and modeling studies confirm that the
West African region has a climate which is particularly sensitive to land surface processes and there is a strong coupling between
land surface processes and regional climate at intraseasonal/seasonal scales. These studies indicate that proper land surface process
representations and land status initialization would substantially improve predictions and enhance the predictability of West
African climate. Mesoscale studies have revealed new understanding of how soil moisture heterogeneity influences the development
of convective storms over the course of the diurnal cycle. Finally, several important issues regarding the future prospective are
briefly addressed.

1. Introduction

West Africa is a diverse climatic region that includes a sem-
iarid tropical zone in its northern section and a humid
tropical climate zone in its southern section. Today, it is
a bioclimatic zone of predominantly annual grasses with
shrubs and trees, receiving a mean annual rainfall of between
150 and 2500 mm per year (Figure 1(a)). According to
the United Nations’ definition [1], it includes 16 African
countries and covers an area in excess of approximately
6 million km2. Its northern boundary is along the southern
margin of the Sahara Desert, with the Atlantic Ocean to its
west and to its south. There is no consensus on its eastern
boundary, which is commonly specified using a line running
from Mount Cameroon to Lake Chad. The elevation of the
vast majority of this land is less than 300 meters above
sea level, though isolated points of higher elevation exist in
several countries along the southern shore of the region.

West Africa has experienced significant climate anoma-
lies in the past century. Its northern section, which is
referred to as the Western Sahel, suffered the most severe and
longest droughts in the world during the twentieth century.
Annual rainfall has persistently remained below the long-
term average since the late 1960s, with devastating droughts
during the late 1960s and the early 1980s (Figures 1(b) and
1(c)) [2–5]. Starting from the late 1980s, however, there has
been some rainfall recovery relative to the very dry period
(Figures 1(b) and 1(d)). A study by Lau et al. [6] finds
that there has been an increase in the “continentality” of
the West African monsoon (WAM), reflected by a shift of
the WAM convection towards land from the later 1980s
to the 1990s and the 2000s. The hydrologic variability in
West Africa shows one of the strongest interdecadal signals
worldwide during the 20th century [7]. There has been rapid
population growth in the region over the past 50 years [8].
The severe droughts and resulting famines have devastating
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Figure 1: (a) Observed climate annual mean precipitation (mm day−1); (b) time series of June-July-August-September (JJAS) mean
precipitation (mm day−1) averaged over 20◦W to 20◦E and 5◦N to 20◦N (the box outlined in (a)); (c) observed JJAS precipitation difference
(mm day−1) between the 1980s and the 1950s; (d) observed JJAS precipitation difference (mm day−1) between 1996–2006 and 1976–1987.
Data Sources: National Center for Environmental Prediction Climate Prediction Center Merged Analysis of Precipitation (CMAP, [23]).

environmental and socioeconomic consequences, which,
along with the scientific challenge to understand causes of
such extraordinary drought and climate variability, have
presented a strong motivation for the scientific community
to study West African climate variability and causes of Sahel
drought, most of which occurred in West Africa. The term
“Sahel drought” will be used interchangeably with “West
African drought” in this paper. The Sahel drought is known
to be strongly influenced by sea surface temperature (SST)
anomalies, both globally and in regions adjacent to the
African continent [9, 10]. Meanwhile, land surface processes,
including the land use and land cover (LULC) change, have
also been extensively investigated as one of the major factors
influencing the West African climate system, which is the
focus of this paper.

There is a steep latitudinal gradient in climate, soils,
vegetation, fauna, land use, and human utilization, with
strong correlations among them [11]. The continental-scale
land mass and relatively flat orography suggests that land-
surface/atmosphere interactions play a major role in the
regional climate. From the mid-1970s through the 1990s,
numerous studies have been conducted to explore the
impact of the land surface on the West African climate.
Modeling studies with different levels of complexity in their
atmospheric models and land surface parameterizations have
consistently suggested that the Sahel is one of the regions
in the world where the land/atmosphere feedback plays an
important role in regional climate variability, and LULC may
be an important contributing factor to the persistent Sahel
drought [12–20]. Comprehensive reviews on the relevant

land/West African climate research mainly before the 21
century were summarized in Xue et al. [21].

There are several important characteristics in land/West
African climate research reviewed in [21]. (1) Most studies
test the sensitivities of regional climate to a few land param-
eters, such as surface albedo and soil moisture, explicitly or
implicitly with LULC change embedded in the experimental
designs. Only recently, encouraged by those early sensitivity
studies, have more sophisticated vegetation models been
introduced in West African climate studies (2) The Sahel
drought was the main motivation for those studies. Most
studies were conducted using either 3 D or 2 D coupled
atmosphere/land surface models to estimate the possible
land contribution to the drought. (3) There were only a
few measurements over very few sites. Due to the limited
availability of observational data over the West African
region at that time, validation of the land models for regional
climate and hydrological cycle study was largely missing.
However, these research efforts have established a consensus
in the public and part of the meteorological community
that, in addition to SST, land surface processes are an
important component affecting the West African regional
climate, thereby stimulating more extensive research in this
field.

In the past decade, important developments for obtain-
ing a better understanding of the West African mon-
soon (WAM)/land interaction at intraseasonal/interannual/
interdecadal scales have been made, in particular under
the African Monsoon Multidisciplinary Analysis (AMMA)
Project [22]. We will discuss a few major issues and
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achievements in the West African climate and land pro-
cess interaction study in the past decade in this paper.
In Section 2, new land data development for the WAM
study and its application are presented. Section 3 focuses
on the land/West African climate interactions studies at
seasonal, interannual, and decadal scales. Section 4 discusses
mesoscale interactions, and Section 5 presents a summary
and future prospective in this field.

2. Land Data Development for the West African
Monsoon Study and Its Application

Modeling the West African monsoon has proven difficult
mainly due to both the paucity of observations at suffi-
cient space-time resolutions, and because of the complex
interactions of the relevant processes between the biosphere,
atmosphere, and hydrosphere over this region. Distinct from
the previous observational efforts which encompassed only
one or a few sites [24], the AMMA program has organized
comprehensive activities in data collection in order to
increase the understanding and improve the modeling of
the WAM/land interactions over a wide range of spatial and
time scales [7]. A comprehensive review of AMMA field
campaigns’ key accomplishments and lessons learned from
the extraordinary efforts made by a community of several
hundred researchers has been discussed by Lebel et al. [25].

The application of observations from many local sites
for large-scale atmosphere/land interaction study is always
a challenge due to scale discrepancy. The AMMA Land
Surface Model (LSM) Intercomparison Project (ALMIP;
[26]) addresses this issue. In ALMIP, a set of state-of-the-
art off-line land surface models (uncoupled from their host
atmospheric models) have been forced with the best quality
and highest space and time resolution data available to
better understand the key processes and their corresponding
scales. The forcing consists of a combination of short-
term numerical weather forecast low-level atmospheric state
variables, satellite-based rainfall (such as the Tropical Rainfall
Measuring Mission (TRMM, [27]), and downwelling radia-
tion flux products (Land-Satellite Application Facility; [28]),
and data from the AMMA observational field campaigns.
The ALMIP LSM outputs for the period 2002–2007 have
been compared with satellite-derived surface brightness
temperature [29], satellite-based soil water storage estimates
[30], and observed turbulent fluxes [26]. In the evaluation,
the site turbulence measurements were first upscaled to the
ALMIP mesoscale grids for comparison [31].

Overall, there is a good LSM intermodel agreement.
For example, the predicted latent fluxes agree well with a
coefficient of variation ranging from approximately 5 to 15%
over most of West Africa, with the best agreement over
the semiarid Sahel where the vast majority of rainfall is
subsequently reevaporated at the land surface. The ALMIP
LSM-predicted surface fluxes and thermal and hydrological
state variables at the land surface are akin to a multimodel
surface reanalysis product. Studies [32] have shown the
advantages and improved realism of using a multi-LSM
model average of simulated surface properties. The ensemble

signal to noise ratio of the surface turbulent fluxes is fairly
large (approximately 0.7 to 0.9) over most of the region [33].

Because the ALMIP data cover most of West Africa,
this data set can be considered as one of the best currently
available proxies for large-scale estimates of the land surface
state over West Africa for different applications. For example,
ALMIP results have been used for a number of mesoscale to
regional scale case studies within AMMA, such as the study
of feedbacks between dust emissions and the atmosphere
[34, 35], and the regional atmospheric nitrogen balance [36].
Results have also been used to examine the influence of
initial soil moisture on medium range weather prediction at
the European Centre for Medium-Range Weather Forecasts
(ECMWF; [37]). In addition, ALMIP results have been
recently used for evaluating the land surface component of
numerical weather prediction (NWP) and mesoscale models
[38], regional climate models (RCMs, [39]), and general
circulation models (GCMs, [40]). Moreover, regional scale
water budget estimates have been made [41] using ALMIP
surface evaporation fluxes.

The application of the ALMIP products in the West
African Monsoon Modeling and Evaluation (WAMME)
project [42] clearly demonstrated its utility in the large-
scale African land/atmosphere interaction studies [33]. It was
found that simulated net radiation within WAMME GCMs
and RCMs generally agrees rather well with ALMIP. How-
ever, the partitioning of this energy into turbulent fluxes
is different from ALMIP and is quite variable. This seems
to be due, in part, to further northward placement of the
monsoon in areas and positive precipitation bias with larger
potential energy for evaporation in most of the WAMME
models. Furthermore, ALMIP produces the maximum latent
heat flux during the monsoon retreat as stored water is
evaporated before solar radiation reaches the boreal winter
minima; only 6 of the WAMME models have this feature, and
it is generally rather weak. These features are summarized
in the Hovmoller plot in Figure 2, where WAMME model
simulated latent heat fluxes are compared to those from
ALMIP for 2004 averaged over the region from −10◦

to 10◦E latitude, and the southern coast of West Africa
to 20◦N. Finally, in contrast to ALMIP results and local
scale observations which indicate values on average of the
meridional ratio of sensible heat flux to the net radiation
to be approximately 0.35, the ratio becomes quite low
(generally less than 0.10) from the Sahel to the southern
coast of West Africa during the core monsoon season
for nearly all of the WAMME models. All these findings
should help identify weaknesses in current West African
climate modeling, understand the WAM mechanisms, and
contribute to further model development.

By and large, ALMIP provides a robust regional scale
estimate of land surface state variables and fluxes from an
ensemble of state-of-the art land surface models in its first
phase experiment. Satellite-based data (GRACE, AMSR-E,
etc.) were introduced for evaluation of ALMIP data. ALMIP
data address many key science issues within AMMA, such as
how coupled models simulate the land states and fluxes and
obtain better estimates of the regional scale water budget.
The development of the data was a major achievement in the
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Figure 2: The WAMME latent heat flux area averaged from June through September (JJAS) for 2004 [33]. The corresponding ALMIP field
is shown in panel (w).

past decade, which should pave the way for more scientific
understanding in Sahel climate and its relationship with land
surface processes and LULC change.

3. Seasonal and Interannual West
African Climate Variability and
Land Surface Processes

In the past decade, studies of West African climate/land
interaction have focused primarily on predictability and pre-
diction, that is, whether introducing adequate land surface
processes improves the simulation of West African climate
and enhances its predictability at different scales and possible

mechanisms. The West African climate is dominated by
the WAM system. Monsoon circulations are forced and
maintained by sea-land thermal contrasts and by latent heat
released into the atmosphere. Therefore, the WAM/land
interaction was a major issue in these studies.

Insufficient data was a major obstacle to the evaluation of
model-produced land/atmosphere interactions. Numerous
remotely sensed products have become available during
the past decade. Some derived satellite products, such as
the Normalized Difference Vegetation Index (NDVI) and
the fraction of photosynthetically active radiation (FPAR),
have been considered to be observed measures of green
vegetation condition. Analyses of these satellite products and
climate data have confirmed a close relationship between
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vegetation conditions and precipitation at different scales
[43–46], which early on was only suggested by modeling
studies. For example, Martiny et al. [43] found that, in
the southern Sahel, annual NDVI was highly correlated to
annual precipitation of the concurrent year and the previous
year. In another study with a statistical model of vegetation
greenness [46], the results suggested a positive feedback
between vegetation and Sahel rainfall at the monthly time
scale and a vegetation memory operating at the annual
time scale. This study suggests the previous year’s vegetation
growth affects greenness in the following year.

The statistical model also found that these vegetation-
rainfall interactions increased the interannual variation in
Sahelian precipitation, accounting for as much as 30% of
the variability in annual precipitation in some sub-Sahel
regions between 15◦ and 20◦N. Furthermore, the seasonal
differences had also been noted in some studies. For example,
Liu et al. [45] found that, in the Sahel region the FPAR-
lead correlations with precipitation are positive in spring and
summer but become negative in fall and winter. Moreover,
the trends and variability of these satellite-derived products
and their major modes were also the subjects of some
diagnostic studies [47–49]. Studies have revealed an increase
in NDVI/LAI (leaf area index) and a decrease in surface
albedo over the Sahel during the period 1982–1999 [50–52]
that are interpreted as a vegetation recovery from the very
dry periods of the 1980s.

Despite limitations in these types of studies due to
data quality and data processing errors, short in duration,
robustness in statistical approaches used, and uncertainty
in using satellite products to represent real vegetation con-
ditions, these results, nevertheless, shed light on the real
vegetation/atmosphere interaction and provide a new and
valuable reference for evaluating model-simulated vegeta-
tion/atmosphere interactions.

Meanwhile, modeling studies have shown more evidence
that land/atmosphere interactions have profound effects on
the WAM system at different scales. In a Global Land-
Atmosphere Coupling Experiment (GLACE) study [53]
investigating soil moisture/atmosphere coupling strength
with multiple general circulation models (GCMs), each
model conducted several ensembles of boreal summer
(June through August) simulations: in one ensemble of 16
simulations, soil moisture varied with the simulations, while
in another ensemble, the specified geographically varying
time series of subsurface soil moisture was forced to be
the same across the 16 simulations. If the model-simulated
precipitation does not respond to soil moisture, the pre-
cipitation difference between these two ensembles should
be very little. Soil moisture/atmosphere coupling strength
of each model then was estimated based on each model’s
two ensembles with a statistical method. Figure 3 shows the
global map of the difference averaged across twelve of the
participating models, with higher values implying a higher
impact of the soil moisture conditions on precipitation.
This multiple model estimation of land atmosphere coupling
strength reveals that the Sahel, along with a few other regions,
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most of which lie along ecotones associated with semiarid
areas, has the greatest soil moisture/climate coupling strength
in the world.

The GLACE results are consistent with other soil mois-
ture feedback studies. For instance, Douville et al. [54, 55]
found that the proper simulation of the African monsoon
required adequate soil moisture information, such as the
soil moisture data from the Global Soil Wetness Project
[56]. Using the Intergovernmental Panel on Climate Change
IPCC models’ simulation results, Notaro [57] also identifies
North Africa as a region with strong soil moisture feedback.
Furthermore, Philippon and Fontaine [58] proposed a soil
moisture/monsoon regulation mechanism in which Septem-
ber to November Sahelian rainfall of the previous year could
influence July to September Sahelian rainfall. However, other
modeling studies [59, 60] showed that the root-zone soil
moisture did not act as a memory of rainfall anomaly that
would produce an effect into the following rainy season,
and, therefore, it is not found to be related to the long-term
persistence of the drought. A study using a regional climate
model [61] found that the role of surface conditions in the
precipitation dynamics is generally not overwhelming, even
under conditions where soil moisture exerts a significant
influence on surface evaporation. During the heart of the
wet seasons in the Sahel, soil moisture is abundant and
hardly constraining evaporation, precluding a strong land-
atmosphere coupling. In addition, Koster et al. [53] also
show that, although the average over 12 participating models’
simulations indicate the Sahel area had higher coupling
strength, substantial discrepancies among models existed.
Further investigation on the soil moisture issues is warranted.

The impact of the vegetation biophysical process (VBP)
on the WAM is another important subject under investiga-
tion. VBP refers to those land surface processes relevant to
climate interactions associated with vegetation [62]. Xue et
al. [62] analyzed two GCMs coupled to three different land
models with varying degrees of physically based complexity
in the representation of VBP. The importance of VBP effects
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Figure 4: Reduction of absolute annual mean precipitation bias
(mm day−1) due to vegetation biophysical processes for different
regions, indicating the impact of vegetation biological process on
precipitation [62]. Differences of absolute bias of annual mean
precipitation (mm day−1) between LA-VBP and LA-VBP.

on climate were assessed based on the skill of simulations of
observed global precipitation by two GCMs with different
land models. Since a more realistic representation of VBPs
in a GCM should improve precipitation simulations if
VBP has effects on the real climate system, the statistically
significant reduction of absolute bias and root-mean-square
errors (RMSE) between simulated precipitation and the
observation was adopted as criteria to identify VBP effects.
Figure 4 shows the reduced absolute annual mean bias of 5-
year precipitation simulations (or improved prediction skill)
due to VBP process in the GCM. West Africa again shows
the largest impact in the world. Further analyses revealed
that, in West Africa, land surface processes have the most
impact during the summer and the fall, with some impact
during spring. The VBP’s importance for the WAM has also
been demonstrated by the application of satellite-derived
vegetation products, such as LAI and vegetation coverage.
By using remotely sensed LAI datasets, compared with using
LAI based on a few ground surveys, the GCM produced
substantial improvements in the near-surface climate in a few
summer monsoon areas, including West Africa [63].

In addition to the seasonal mean, the land effect on the
intraseasonal climate variability at large-scales was also a
subject for some modeling studies [39, 64–66]. The studies
showed that vegetation properties played a significant role in
the intraseasonal variations of precipitation and circulation
over West Africa [64], and intraseasonal soil moisture
fluctuations were intense enough to feed back on the low-
level vorticity structure [65]. In another study with a regional
model, it has been shown that with a more realistic VBP
representation, the seasonal timing and magnitude of mean
monsoon precipitation more closely match observations,
especially the timing of the monsoon advance and retreat
across the Guinean Coast. In addition, the migration and

position of the African Easterly Jet more closely match
reanalysis winds [39].

The mechanisms for land surface/atmosphere interac-
tions on the WAM, especially with respect to precipitation
and the important WAM feature-African Easterly Jet (AEJ),
have also been examined by a number of studies. When the
atmospheric temperatures below the mid-troposphere are
higher to the north (i.e., over the Sahara) and lower to the
south, meridional temperature gradients are positive over
tropical West Africa, and, according to basic atmospheric
circulation thermodynamics principles, the thermal wind
(and hence the jet) is easterly. The maximum latitudinal
temperature gradient, which is related to the hot, dry surface
conditions and a deep, well-mixed boundary layer in the
Sahara heat low and cool, moist surface conditions associated
with deep moist convection in the intertropical convergence
zone, is associated with the strongest easterly thermal wind
and therefore the AEJ in the mid-troposphere [67–69]. Wu
et al. [70] suggest that it is not only the evaporation gradient
that highly correlated with soil moisture, but a combination
of vegetation properties and orography is also essential for
the maintenance of the mean climatological AEJ. Therefore,
it is the very particular combination of moisture gradients,
vegetation distribution, and orography that produces the
AEJ, not the soil moisture gradients alone.

Modeling studies further demonstrate the close relation-
ship between the meridional thermal gradient, AEJ, and
WAM precipitation and its onset. In the WAMME first
experiment, 11 GCMs have been integrated from April
through October with multiple members [42]. Common
empirical orthogonal functions (CEOF) analysis based on
observational data and multimodel simulation results was
applied to characterize the major WAM features and has
identified that the PC1 of precipitation and PC1 (Sahara
mode) and PC2 (Sahel mode) of surface temperature
characterize the WAM precipitation evolution and the
northward movement of temperature gradient, respectively,
and the WAM precipitation northward movement/retreat is
closely associated with the weakening/enhancing of the Sahel
mode (temperature PC2) and the enhancing/weakening
of the Sahara mode (temperature PC1), which in turn
enhances/weakening the meridional temperature gradient.
The speed of the WAM evolution and the position of
the WAM precipitation band are closely related to the
development of this thermal gradient. The study identifies
a close relationship between WAM onset and thermal low
development in the Sahara: the timing of monsoon onset is
about 10–15 days after the peak of the summer temperature
anomaly in the Sahara.

Analyses further show that spatial distributions of surface
sensible heat flux, surface temperature, and moisture con-
vergence were closely associated with the simulated spatial
distribution of precipitation; while surface latent heat flux is
closely associated with the AEJ [42]. All these indicate the
important role of the land surface energy partitioning in
the WAM system, especially the thermal effect and surface
induced large-scale circulation change as indicated by the
moisture flux convergence change.
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4. Mesoscale Circulation Variability
and Land Surface Processes

Observations indicate high spatial heterogeneity of surface
vegetation and soil conditions in the Sahel area [71].
Results from AMMA have provided new understanding
of how this heterogeneity influences the development of
convective storms over the course of the diurnal cycle.
Because evaporative demand is high and the vegetation is
sparse across the Sahel, particularly early in the wet season,
the surface energy balance is strongly influenced by the
availability of soil moisture close to the surface [72]. Rain
events create strong mesoscale variability in soil moisture,
and the resulting patterns of sensible and latent heating have
been found to play an important role for the development of
new storms during the afternoon in a number of studies.

Using land surface temperature data from satellite as
a proxy for soil moisture (wet surfaces are up to 10 K
cooler than dry surfaces), aircraft flights during AMMA were
targeted at areas containing wet and dry soils. Taylor et
al. [73] found that the temperature within the convective
boundary layer during the afternoon was significantly corre-
lated with the land surface temperature (i.e., anticorrelated
with soil moisture) for surface features as small as 2.5 km
and, furthermore, found a clear correlation between surface-
induced temperature gradients and the low-level winds.
Further evidence for mesoscale circulations induced by the
land was presented over forest-crop transitions [74].

Numerical model experiments have shown how surface-
driven convergence provides a favored location for the
initiation of deep convection [75, 76]. The importance of this
feedback mechanism has been highlighted in a recent study
by Taylor et al. [77] analyzing nearly 4000 storms from satel-
lite data of clouds and antecedent land surface temperature.
Through detailed tracking of Mesoscale Convective Systems
(MCS) with cloud-top temperature back to the location
where the first deep cloud appeared, they were able to
examine the relationship between the spatial structure of soil
moisture and the probability of convective storm initiation.
They found that, compared to a homogenous surface, storm
initiation was twice as likely to occur 10 km upwind of a
transition from dry to wet soils. This result is consistent
with numerical modeling studies [75, 76], where contrasts in
sensible heat flux drive a circulation which creates maximum
low-level convergence where the surface-driven component
opposes the large-scale flow (Figure 5). The study estimated
that this effect was important for 1 in 8 MCS initiations in
the region and implies a nontrivial impact of spatial scale on
the sign of the soil moisture-precipitation feedback. Storms
tend to initiate over dry soil (a locally negative feedback), but
the occurrence of previous rain to create the heterogeneity
is a prerequisite for this feedback. The MCS then travels,
often many hundreds of kilometers, in turn creating new
heterogeneity and favoring more initiations in subsequent
days. This implies a positive feedback on the scale of the
MCS, ∼100 s km. Similar mesoscale processes are likely to be
responsible for favored initiation of MCS around extensive
wetland areas such as the Niger Inland Delta [78].
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Figure 5: Favoured location (X) for initiation of convective
storms [77]. Storms tend to develop over locally warm surfaces
(shading denotes land surface temperature anomalies (K) based on
a composite of nearly 4000 cases), but close to wetter (cooler) soils
downwind. Arrows in mauve and black denote, respectively, the
surface-induced, and large-scale components of the wind.

Once MCS has developed, various processes may govern
the strength, and even the sign, of feedbacks between soil
moisture and individual storms [22]. Gantner and Kalthoff
[76] show that mature MCS with well-developed gust fronts
can intensify over wet soils due to increased convective
available potential energy, consistent with an observational
case study from AMMA [72]. However, this positive feedback
may reverse depending on the phase of the diurnal cycle, the
convective inhibition and synoptic state, and the scale and
orientation of the wet patch relative to the large-scale flow
[75].

5. Summary and Future Research Prospective

Based on numerical sensitivity studies using land models
with different complexity, conducted from the late 1970s to
the 1990s, it has been recognized that, in addition to SST,
land surface processes are an important component affecting
the West African regional climate, thereby stimulating more
extensive research in land/atmosphere interactions for the
region. During the past decades, AMMA has conducted
extensive large-scale field measurements over the West
Africa. Taking the advantage of this unprecedented effort, the
ALMIP has produced a valuable analysis of the land surface
state and fluxes which has been applied in a number of large-
scale African regional studies.

Meanwhile, the latest evidence from satellite data anal-
yses and modeling studies confirm that the West African
region has a climate which is particularly sensitive to land
surface processes and there is a strong coupling between
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land surface processes and regional climate. It has been
found that, in addition to the sea/land thermal contrast, the
development of the West African monsoon is also closely
associated with the evolution of a thermal gradient between
the Sahara and southern Sahel. The variations of the West
African climate system are closely associated with the surface
energy partitioning. Mesoscale studies have revealed new
understanding of how soil moisture heterogeneity influences
the development of convective storms over the course of
the diurnal cycle. The strong coupling between convective
storms and soil moisture on time scales associated with soil
drying (a few days) suggest that considerable progress could
be made in short-term prediction of rainfall. All these studies
indicate proper land surface process representations and land
status initialization would substantially improve predictions
and enhance the predictability of West African climate.

Despite this progress, some key scientific issues still
remain. Recent observational evidence has supported the
notion that there are strong decadal climate variabilities in
the Sahel and surrounding areas from the 1950s to the 2000s,
not only in precipitation, but also in SST, vegetation cover,
land use and land cover (LULC) change, and aerosol types
and spatial distributions. Understanding of the complex
interactions of the WAM/Sahel precipitation variability asso-
ciated with SST and land surface and aerosol forcings is still
lacking. Further multimodel intercomparison experiments
have to be carried out to improve understanding of the possi-
ble feedback to SST, land use change, vegetation, and aerosol
forcings at seasonal to decadal scales. Given the complexity
of the WAM/Sahel precipitation variability associated with
these forcings and their interactions, it is imperative to gain
basic understanding of the contribution/roles of land surface
process relative to other forcings on the regional water cycle
of the Sahel, to assess the relative contributions of land and
its interaction with other forcings in producing/amplifying
the Sahelian seasonal and decadal climate variability, and to
understand the mechanisms involved. For instance, Koster et
al.’s study [53] and Xue et al.’s [62] study show consistence
and discrepancies in soil moisture and VBP effects on the
West African monsoon. It is important to further explore the
mechanisms behind. Furthermore, there are a few issues that
have to be carefully and adequately addressed.

The influence of LULC change on West African drought
was the focus of early land/atmosphere interaction studies
(see references listed in Section 1). However, due to the
controversy in terms of the degree and extent of land
degradation there, the assessment of its realistic impact on
the West African climate variability is still an outstanding
issue. An early study [79] defined the desertification in the
Sahel as the expansion of the Sahara Desert. Given the lack
of evidence from satellite observations for the expansion
of the boundary of the Sahara desert [80], the notion of
Sahel land degradation has been discredited even in a very
recent study [46]. A LULC change map even shows there
were no noticeable LULC change in West Africa since 1870,
which may lead to underestimation of its effect in the region
[81]. In fact, studies have indicated that land degradation
in West Africa is like “patches,” which tends to be localized
around settlements [82–84]. Based on a ground surveys,
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Figure 6: Mean August-September-October broadband surface
albedo absolute difference between year 1984 and 2003 over the
Sahel region. Missing data are shown in white. Courtesy by Dr. Yves
Govaerts of EUMETSAT Based on Govaerts and Lattanzio [51].

Hiernaux et al. [85] found that the overall trend in land use
in southwest Niger confirmed the historical increase of the
cropped areas since mid-20th century, at an annual rate of
2% from 1994 to 2006. A recently compiled historical land-
use data also indicate substantial land-use conversion over
West Africa [86], consistent with dramatic population gains
across West Africa. Furthermore, more accurate and high-
resolution assessments of land condition data start to provide
quantitative measurement of land condition change in this
region.

For example, Govaerts and lattanzio [51] used the data
from the Meteosat spacecraft to compare the derived surface
albedo over Sahel from a dry year (1984) and a wet year
(2003). They found that, between 12◦N and 18◦N, the
mean August-September-October surface albedo decreased
by about 0.06 with a mean zonal difference as large as 0.08
at 16◦N between 1984 and 2003, consistent with the partial
rainfall recovery in the region. The spatial distribution of
surface albedo changes also showed an overall decrease in
surface albedo in this period over the Sahel with the largest
differences locally exceeding 0.15 (Figure 6). The authors
indicate that, although precipitation is identified as a decisive
controlling factor in this greening trend [87], human factors,
including among other improved land management, might
also explain some local trends [88]. According to the United
Nation’s definition [83], desertification results from various
factors, including climate variations and human activities.
It could be expected that the great Sahel drought during
the 1970s and the1980s should have substantial impact on
the land degradation since even a partial rainfall recovery
from 1984 to 2003 could cause a change in albedo for
about 0.06. The specification of albedo change of 0.1 in a
desertification impact study [15] showed a significant impact
on the regional climate. However, there is an imperative
need to incorporate/identify/distinguish the impact of land
degradation caused by anthropogenic land use change and
regional climate change. A few studies have tackled this issue.
For instance, in an off-line modeling study forced by the
NCEP reanalysis, d’Orgeval and Polcher [89] suggested that
the impact of land-use changes was much less important
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than the impact of precipitation changes over the years 1951–
2000 in large West African catchments’ runoff. More studies
with coupled models are necessary to further evaluate this
issue, especially since this issue is very relevant to the future
climate projection.

A number of studies have explored the climate/vegetation
relationship in West Africa based on ground survey/
measurements [52, 90]. Rian et al. [90] quantitatively iden-
tify strong relationships between vegetation types, LAI, and
climate variables (precipitation and surface temperature)
and distinguish features in the vegetation/climate transition
using the satellite data and field measurements. The study
indicates that precipitation differences and the resulting
impact on available soil moisture are the main drivers of
the land cover transition in this region. The analysis shows
the dominant control of summer precipitation on vegetation
zonation and structure, with woody savanna being restricted
to areas receiving >1000 mm mean annual precipitation, the
lightly wooded savanna to areas of >700 mm precipitation,
the dense shrub savanna to areas of >500 mm precipitation,
and the open and sparse shrub savanna to areas of >200 mm.

The importance of incorporating two-way vegeta-
tion/climate interaction has also been demonstrated in mod-
eling studies, some of which focused on the African paleo-
climate [91, 92]. Wang et al. [93] investigated the impact of
large-scale oceanic forcing and local vegetation feedback on
the variability of the Sahel rainfall using a global biosphere-
atmosphere model. The study examined the effect of treating
vegetation as a dynamic component of the earth climate
system rather than a static boundary condition. When
vegetation is dynamic, the model realistically reproduces
the multidecadal scale fluctuation of rainfall in the Sahel
region; keeping vegetation static in the same model results
in a rainfall regime characterized by fluctuations at much
shorter time scales, indicating that vegetation dynamics acts
as a mechanism for persistence of the regional climate. The
above-mentioned DVM studies mainly focus on a long-
term equilibrium conditions. To study the future climate
change and societal planning with enhanced atmospheric
CO2 concentration [94–96], application of DVM for short
time scales, for instance interannual to decadal time scale,
remains a great challenge. Examining the DVMs with local
scale/high resolution satellite data and field data is necessary.

Furthermore, to achieve substantial progress in fully
coupled atmospheric modeling at meso to regional scales
and to improve seasonal prediction and projection of
climate change and its impact, as well as understanding the
mechanisms involved, it is evident that effort must be made
to improve the representation of land surface and hydro-
logical processes which are specific to this region (such as
transpiration from very deep layers in the soil, hydrophobic
infiltration effects, significant subgrid lateral water transfer)
and to provide numerical weather prediction models with
more accurate spatial structure in the initialization of soil
moisture. This requires the development of techniques
to assimilate satellite data pertaining to the land surface,
most notably soil moisture, land surface temperature, and
vegetation LAI. ALMIP phase 2 is addressing this issue by
evaluating an ensemble of LSM and hydrological models at

the local to basin (meso) scale using observational data from
the AMMA-CATCH transect [11]. However, the example of
the study by Agustı́-Panareda et al. [97] provides a cautionary
note here. In that study, ALMIP-derived soil moisture was
used to initialize a series of forecasts and the output com-
pared with the standard soil moisture initialization based on
assimilation of screen-level observations. The authors found
that the substantial dry bias in Sahel precipitation in their
model was rather insensitive to the soil moisture, suggesting
that other processes (notably radiation and convection) were
dominating. Only when the description of the basic processes
which shape the monsoon system are adequately captured by
the models may we expect the full value of additional land
surface information to improve forecasts.
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Reliable climate change scenarios are critical for West Africa, whose economy relies mostly on agriculture and, in this regard,
multimodel ensembles are believed to provide the most robust climate change information. Toward this end, we analyze and
intercompare the performance of a set of four regional climate models (RCMs) driven by two global climate models (GCMs)
(for a total of 4 different GCM-RCM pairs) in simulating present day and future climate over West Africa. The results show
that the individual RCM members as well as their ensemble employing the same driving fields exhibit different biases and show
mixed results in terms of outperforming the GCM simulation of seasonal temperature and precipitation, indicating a substantial
sensitivity of RCMs to regional and local processes. These biases are reduced and GCM simulations improved upon by averaging
all four RCM simulations, suggesting that multi-model RCM ensembles based on different driving GCMs help to compensate
systematic errors from both the nested and the driving models. This confirms the importance of the multi-model approach for
improving robustness of climate change projections. Illustrative examples of such ensemble reveal that the western Sahel undergoes
substantial drying in future climate projections mostly due to a decrease in peak monsoon rainfall.

1. Introduction

Addressing climate change over West Africa is a great chal-
lenge for understanding the effects of greenhouse gas (GHG)
warming at local and regional scales. Such assessment is crit-
ical because Africa is mostly covered by semiarid regions
known for their unreliable rainfall regime which is highly
variable on intraseasonal, interannual and interdecadal time
scales [1–3]. This variability often translates into severe
droughts and floods [4] and may substantially impact food
security and water resources. Therefore, changes in future
climate may pose significant threats to the region especially
in resource poor contexts where agriculture is a prominent
instrument for enhancing food security, and adaptive capac-
ity is relatively low [5].

The production of accurate and reliable climate change
scenarios for the West African continent is therefore a maj-
or issue. In this region, climate change projections have been
often derived using global climate models (GCMs) [6, 7].
However, despite the significant progress in climate model-
ing, projections over West Africa are limited by at least two
factors. First, the West African monsoon precipitation re-
sponse to anthropogenic climate change is uncertain [8, 9]
because the spread among the GCM projections is quite large
[1, 10, 11]. Second, the typical grid box of GCMs (in the
range of 100–400 km) is not suitable to account for land sur-
face heterogeneity such as vegetation variations, complex to-
pography, and coastlines, which are important aspects of the
physical response governing the local and regional climate
change signal [12, 13].
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Regional Climate Models (RCMs) can be used to dynam-
ically downscale GCMs output in order to account for fine-
scale forcings and to provide climate change information at
the local and regional level needed for impact assessments
[14–16]. Earlier studies have shown that RCM can adequately
represent the West African monsoon climatology [17–20]
and its variability [21–23], and can be useful to understand
the interactions between the different dynamical circulations
affecting the monsoon [2, 24–27]. RCMs have also been
used to construct climate change scenarios for the early and
late 21st century [28–30], (Sylla et al. 2011b) to study the in-
fluence of land-use changes and monsoon circulation dy-
namics on future climate [4, 31] and the responses of hydro-
logy and crop models to GHGs warming [32, 33].

In the impact assessment phase, a key problem is that
both the GCMs and RCMs results suffer from the existence of
substantial uncertainties of different sources [34–36]. Such
sources include, for example, anthropogenic emissions; la-
rge-scale and regional/local-scale changes that are sensitive to
the model parameterisations and internal dynamics [37].
Therefore, a necessary approach to the generation of climate
projections and the characterization of related uncertainties
is to use multi-model ensemble experiments [35]. In fact,
Giorgi and Coppola [38] noted that a minimum of four to
five models is needed to obtain robust regional precipitation
change estimates. The ensemble approach has been recently
used over West Africa by Paeth et al. [30] employing a set of
nine RCMs.

In this paper, we present a multi-model ensemble analysis
of climate change projections over West Africa including four
RCMs driven by 2 different GCMs, for a total of four differ-
ent GCM-RCM pairs (see Table 1). We first examine and in-
tercompare the performance and projected changes of the
individual driving GCMs and nested RCMs, and then we
investigate how different types of subensembles (ensemble of
RCMs driven by same GCMs and ensemble of RCMs driven
by different GCMs) can improve the robustness of the clim-
ate change signal. The sample of GCMs/RCMs pairs in the
ensemble is relatively small (2–4 models), so that this study
should be considered as providing illustrative methodologi-
cal examples rather than scenarios over the region for appli-
cation to impact and adaptation studies. The next section
begins with the RCMs description, the boundary forcing
(GCMs) and observation datasets used for the baseline vali-
dation.

2. Models Description and
Observation Datasets

Ensemble of RCM experiments have been performed for
different African domains encompassing the full West Africa
AMMA region [45] (Figure 1) as part of the ENSEMBLES
project [46]. A set of ten RCMs employing the same and dif-
ferent GCMs boundary conditions forced by the A1B GHGs
scenario are available over West Africa for both present day
and future climate conditions. For these experiments, the
boundaries were placed well outside the region of interest

and this has allowed the RCMs to develop their own dy-
namics in the interior domain. While the model domain
might affect the RCM simulations, the large domain size em-
ployed by the models should minimize this effect. The main
purpose of this study is to assess the present-day simulation
but also the mid-term future projections over West Africa. In
this regards, we consider only the four RCM simulations
which cover the full periods of 1981–2000 (present day) and
2031–2050 (future). They are summarized in Table 1 along
with their driving GCMs and references. Note that in this set,
two RCMs are driven by ECHAM5, and the other two are
forced by HadCM3. Both ECHAM5 and HadCM3 realisti-
cally simulate most of the features of the WAM circulation
including the zonal wind profile which most GCMs usually
fail to reproduce [4, 47]. Each of the GCMs and the RCMs
was a single run. The provision of the same and different
GCMs boundary forcing makes it possible to evaluate not
only the internal dynamics of each of the regional configu-
rations but also the role of the large-scale conditions. We
should emphasize that these RCMs were first driven by ERA-
Interim reanalysis as it is usually the case before applying
them for climate change studies [14, 42]. However, these
simulations are not analyzed here. We also stress that the
simulations analyzed here were the only ones including the
full 20-year present day and future periods selected.

As stated above, two periods of 20 years are considered:
the present-day (reference: 1981–2000) and the future (A1B:
2031–2050). For the present-day climate, simulated precip-
itation is compared to the observational datasets: GPCP
(Global Precipitation Climatology Project; 2.5◦×2.5◦ resolu-
tion; [48]), CRU (Climate Research Unit, land only, 0.5◦ ×
0.5◦ resolution; [49]), CMAP (Climate Prediction Center
Merged Analysis of Precipitation, 2.5◦×2.5◦; [50]) and GPCC
(Global Precipitation Climatology Centre, 1◦×1◦ resolution;
[51]). The simulated 2-meter temperature is validated
against the CRU observation, ERA-40 reanalysis (2.5◦ ×
2.5◦ resolution; [52]), the National Centers for Environ-
ment Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis II (2.5◦×2.5◦ resolution; [53]) and
the ERA-Interim reanalysis (1.5◦ × 1.5◦ resolution; [54, 55]).
The wind field and specific humidity are also compared with
the reanalysis of NCEP/NCAR II, ERA-40, and ERA-Interim.
We only consider the June–September (JJAS) period which is
the peak of the monsoon rainy season and intercompare the
individual GCMs and RCMs, the ensemble of RCMs using
the same boundary forcing (hereafter referred to as “ensem-
ble”), and the ensemble of all the RCMs (hereafter referred
to as “multi-model ensemble”). For this, in addition to
the spatial patterns of bias, we compute some quantitative
measure for rainfall over the Sahel, the Guinea regions, and
the whole West Africa (see Figure 1(b) for the delimitation
of these subdomains) which are the mean bias (or bias),
the root mean square difference (RMSD) and the pattern
correlation coefficient (PCC). They provide information at
the regional (or subregional) level and at the grid point le-
vel. Therefore, they can be considered as measures of model
systematic errors and performance.
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Table 1: List of regional climate models (RCMs) along with the driving global climate models (GCMs).

RCMs ICTP-RegCM3 MPI-REMO SMHI-RCA METO HC-HadRM3P

Institute
Abdus Salam International

Centre for Theoretical
Physics, Italy

Max Planck Institute,
Germany

Sveriges Meteorologiska
och Hydrologiska institut,

Sweden

Met Office-Hadley Centre,
UK

Short name RegCM3 REMO RCA HadRM3P

Resolution 0.44◦ 0.44◦ 0.44◦ 0.44◦

Reference Pal et al. [39] Jacob et al. [40] Kjellström et al. [41] Jones et al. [42]

Boundary forcing
(GCMs)

ECHAM5 r3, ECHAM5 r3, HadCM3Q0, HadCM3Q0,

Roeckner et al. [43] Roeckner et al. [43] Collins et al. [44] Collins et al. [44]
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Figure 1: AMMA domain and topography (a) Sahel, Guinea, West Africa, and Western Sahel subdomain considered for analyses through
the paper (b).

3. Results and Discussions

3.1. Present Day Climate. The June–September (JJAS) sea-
sonal mean temperature distribution during the present-day
period (1981–2000) over West Africa is presented at Figures
2(a)–2(l) for the observation of CRU (Figure 2(a)), the ERA-
40, NCEP, and ERA-Interim reanalyses (Figures 2(b), 2(c),
and 2(d), resp.), the two GCMs ECHAM5 and HadCM3
(Figures 2(e) and 2(i), resp.), the two RCMs RegCM3 and
REMO driven by ECHAM5 (Figures 2(f) and 2(g), resp.), the
two RCMs: RCA and HadRM3P (Figures 2(j) and 2(k), resp.)
driven by HadCM3 and their different ensemble mean
(Figures 2(h) and 2(l)). CRU observation and the reanalyses
show a good agreement in locating the highest temperature
values in the north (Sahara desert, Sahel) and lowest around
the Gulf of Guinea, in particular over the peak of mountain-
ous regions of Guinea Highlands, Cameroun mountains, and
Jos Plateau. Note that these latter cold temperatures are

missing in NCEP, confirming hence the existence of dis-
crepancies between the reanalysis products [56, 57].

The models capture the basic features of the spatial tem-
perature distribution; however, they show different patterns
and magnitudes of bias. For example, RegCM3 has a cold bias
over the Sahara desert and Guinea coast, RCA and HadRM3P
over the Sahel band, while REMO is mostly warmer (Figures
3(a)–3(h)). As a result, the ensemble mean of RCMs driven
by ECHAM5 outperforms the individual RCMs and the
GCM simulations, while the ensemble of RCMs driven by
HadCM3 fails to do that.

The corresponding rainfall patterns as well as their biases
with respect to GPCP observations are displayed in Figures
4(a)–4(l) and Figures 5(a)–5(h), respectively. We use four
sets of observation to account for uncertainties in the pre-
cipitation field (Sylla et al. 2011c). In fact, the differences be-
tween the various observation products (Table 2) can reach
up to 10% at the regional level, while over the whole West
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Figure 2: 1981–2000 averaged JJAS of temperature (in ◦C) from: (a) CRU observation, (b) ERA-40 reanalysis, (c) NCEP reanalysis, (d) ERA-
Interim reanalysis, (e) ECHAM5, (f) RegCM3, (g) REMO, (h) Ens/ECHAM5 (ensemble mean of RCMs driven by ECHAM5), (i) HadCM3,
(j) RCA, (k) HadRM3P, and (l) Ens/HadCM3 (ensemble mean of RCMs driven by HadCM3).

Table 2: Mean bias and spatial root mean square difference (RMSD) at different subdomains considered in Figure 1(b) for CMAP, CRU,
and GPCC rainfall with respect to GPCP. Observational datasets (CMAP, CRU, and GPCC) are interpolated to GPCP grid. Bias is expressed
as percentage of GPCP value while RMSD as mm/day.

Observations CMAP CRU GPCC

Metrics Bias RMSD Bias RMSD Bias RMSD

Sahel −10.35 0.41 −2.79 0.40 −6.34 0.51

Guinea 1.53 0.74 8.51 1.31 3.33 1.17

West Africa −5.18 0.49 2.86 0.69 −2.30 0.69
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Figure 3: 1981–2000 averaged JJAS bias of temperature (in ◦C) for (a) ECHAM5, (b) RegCM3, (c) REMO, (d) Ens/ECHAM5 (ensemble
mean of RCMs driven by ECHAM5), (e) HadCM3, (f) RCA, (g) HadRM3P, and (h) Ens/HadCM3 (ensemble mean of RCMs driven by
HadCM3) compared with CRU.

Table 3: Spatial pattern correlation coefficient (PCC) over West
Africa from CMAP, CRU, and GPCC rainfall with respect to GPCP.
Observational datasets (CMAP, CRU, and GPCC) are interpolated
to GPCP grid.

Observations CMAP CRU GPCC

PCC 0.985 0.981 0.974

Africa it does not exceed 5%. Although these products ex-
hibit some differences, their patterns show a good agreement,
with PCCs of more than 0.97 (Table 3). For the spatial dist-
ribution, observations (CRU, GPCC, CMAP, and GPCP) lo-
cate the main summer rainfall in a zonal and tilted band
around 8◦N, with rainfall decreasing south and north of it.
Precipitation maxima are, however, located in orographic
regions of the Guinea highlands, Jos plateau, and Cameroun
Mountains. Key differences across the observations are that
CRU shows a discontinuity in the band of maximum rainfall
over West Africa and GPCP has a much lower intensity along

the coastlines of Cameroun/Nigeria highlands resulting in an
RMSD between the two products of more than 1.3 mm/day
over the Gulf of Guinea.

The GCMs (ECHAM5 and HadCM3) simulate a thicker
rainfall band and maxima off the coast in the eastern Atlantic
and the Gulf of Guinea. Substantial differences among the
RCMs are noticed. Generally, RegCM3 and REMO underes-
timates and overestimates rainfall intensity, respectively, and,
similarly to ECHAM5, exhibit a wide rainfall band but place
the maxima over orographic regions. In the HadCM3-driven
RCMs experiments, RCA confines much of the rainfall be-
tween 4–9◦N hence showing an underestimation over the re-
gions north of it, while HadRM3P displays a much better
defined rainfall band but extends the rainfall a bit north and
fails to capture the large intensity in the orographic zones.

The different performance of the GCMs and RCMs are
highlighted at the regional level in Tables 4 and 5 summar-
izing the Bias, RMSD, and PCC with respect to GPCP for the
individual models over the Sahel, Guinea, and whole West
Africa. Although the PCCs are overall high (more than 0.8)
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Figure 4: 1981–2000 averaged JJAS of precipitation (in mm/day) from: (a) CRU observation, (b) GPCC observation, (c) CMAP observation,
(d) GPCP observation, (e) ECHAM5, (f) RegCM3, (g) REMO, (h) Ens/CHAM5 (ensemble mean of RCMs driven by ECHAM5), (i)
HadCM3, (j) RCA, (k) HadRM3P, and (l) Ens/HadCM3 (ensemble mean of RCMs driven by HadCM3).

Table 4: Mean bias and spatial root mean square difference (RMSD) at different subdomains considered in Figure 1(b) from individual
GCMs (ECHAM5 and HadCM3) and Individual RCMs (RegCM3, REMO, HadRM3P, and RCA) rainfall with respect to GPCP. Models
output are interpolated to GPCP grid. Bias is expressed as percentage of GPCP value while RMSD as mm/day.

Models ECHAM5 RegCM3 REMO HadCM3 RCA HadRM3P

Metrics Bias RMSD Bias RMSD Bias RMSD Bias RMSD Bias RMSD Bias RMSD

Sahel −18.19 0.79 −14.58 0.76 8.19 1.37 −7.80 0.91 −31.97 1.52 6.21 1.23

Guinea 2.11 1.78 −1.43 1.77 62.58 5.61 20.07 2.55 19.34 2.21 −14.17 1.92

West Africa −10.39 1.07 2.46 1.44 24.94 2.79 5.68 1.34 −5.18 1.40 11.92 1.37
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Figure 5: 1981–2000 averaged JJAS precipitation bias (in %) for (a) ECHAM5, (b) RegCM3, (c) REMO, (d) Ens/CHAM5 (ensemble mean
of RCMs driven by ECHAM5), (e) HadCM3, (f) RCA, (g) HadRM3P, and (h) Ens/HadCM3 (ensemble mean of RCMs driven by HadCM3)
with respect to GPCP.

Table 5: Spatial pattern correlation coefficient (PCC) over West Af-
rica from individual GCM (ECHAM5 and HadCM3) and individ-
ual RCM (RegCM3, REMO, HadRM3P, and RCA) rainfall with
respect to GPCP. Models output are interpolated to GPCP grid.

Models ECHAM5 RegCM3 REMO HadCM3 RCA HadRM3P

PCC 0.925 0.849 0.893 0.889 0.888 0.840

indicating a good agreement between the models and the ob-
servation, Table 4 reveals mixed results. On one hand, some
RCM systematic errors are generally higher (in term of ab-
solute value) than that of the GCMs. For example, the bias in
REMO and RCA over the Guinea regions and the Sahel re-
aches respectively 62.58% and −31.97% of observed values
against 2.11% and−7.80% for ECHAM5 and HadCM3. This
is mostly due to the tendency of these RCMs to produce ex-
cessive rainfall over the orographic regions and to shift the
rainfall band southward. On the other hand, RegCM3 and
HadRM3P generate lower bias over the Sahel and the Gulf of

Guinea, respectively with respect to their driving fields. The
RMSD for the individual RCMs and their ensembles employ-
ing the same driving field are found to be generally larger in
the regional models with the highest values occurring in the
Guinea regions. This is related to the presence of some fine-
scale features tied to orography better represented in the
RCMs than in the GCMs.

Although the RCMs offer some improvements compared
to the driving GCMs, the best performances are captured in
their ensemble means. In fact, they outperform the individ-
ual RCMs and the driving GCM skills in both their spatial
patterns and systematic errors (see Tables 6 and 7) but also
reveal different weaknesses. In the ECHAM5-driven RCM
ensemble, the spatial distribution of rainfall intensity is in ex-
cellent agreement with observations (PCC of more than 0.9),
although the rainband is still thicker than observed. Con-
versely, in the RCM ensemble mean employing HadCM3 as
driver, the sharper rainfall band is well captured, but the
orographic maxima are not simulated well. This highlights
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Figure 6: 1981–2000 averaged JJAS of 850 hPa wind vectors (in meters per second) superimposed to specific humidity (shaded in grams
per kilogram) from: (a) NCEP reanalysis, (b) ERA-40 reanalysis, (c) ERA-Interim reanalysis, (d) ECHAM5, (e) RegCM3, (f) REMO, (g)
Ens/ECHAM5 (ensemble mean of RCMs driven by ECHAM5), (h) HadCM3, (i) RCA, (j) HadRM3P, and (k) Ens/HadCM3 (ensemble
mean of RCMs driven by HadCM3).
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Figure 7: 1981–2000 averaged JJAS of temperature (top panel, in ◦C), precipitation (middle panel, mm/day), and specific humidity (shaded;
in g/kg; bottom panel) with superimposed wind vector (in m/s) from: (a) CRU observation, (b) mean ensemble of GCMs, (c) multi-model
ensemble of the four RCMs, (d) GPCP observation, (e) mean ensemble of GCMs, (f) multi-model ensemble of the four RCMs, (g) NCEP
reanalysis, (h) mean ensemble of GCMs, and (i) multi-model ensemble of the four RCMs.

the importance of the individual model skills in the perfor-
mance of the ensemble mean.

A few considerations are important concerning the per-
formance measures in Tables 4 and 5. These were calculated
after upscaling all fields to the coarse resolution of the GPCP
data, so that the comparison would not be affected by the

difference in resolution across the datasets. However, Table 2
shows that there are significant differences across observa-
tional datasets, sometimes of the same order of magnitude
as the differences with the model results. This implies that
a substantial level of uncertainty is present in the evaluation
of the models associated with observation uncertainties. In
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Figure 8: 1981–2000 averaged JJAS bias of temperature (top panel, in ◦C) from: (a) mean ensemble of GCMs (◦C) and (b) multi-model
ensemble of the four RCMs compare with CRU and precipitation bias (bottom panel, in %) from: (c) mean ensemble of GCMs and (d)
multi-model ensemble of the four RCMs with respect to GPCP.

Table 6: Mean bias and spatial root mean square difference (RMSD) at different sub-domains considered in Figure 1(b) from the ensemble
of GCMs (Ens/GCMs), the ensemble of RCMs driven by the same GCMs (Ens/ECHAM5 and Ens/HadCM3), and the ensemble of all RCMs
(multi-model ensemble: Ens/RCMs) rainfall with respect to GPCP. Ensembles data are interpolated to GPCP grid. Bias is expressed as
percentage of GPCP value while RMSD as mm/day.

Ensembles Ens/GCMs Ens/ECHAM5 Ens/HadCM3 Ens/RCMs

Metrics Bias RMSD Bias RMSD Bias RMSD Bias RMSD

Sahel −12.99 0.81 −4.69 0.88 −3.55 0.90 −4.12 0.63

Guinea 11.09 2.11 32.87 3.19 5.14 1.65 19.00 2.11

West Africa −2.35 1.13 14.25 1.76 4.35 1.01 9.30 1.09
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Figure 9: Averaged JJAS difference between the future (A1B: 2031–2050) and the reference period (1981–2000) of temperature from: (a)
ECHAM5, (b) RegCM3, (c) REMO, (d) Ens/ECHAM5 (mean ensemble of RCMs driven by ECHAM5), (e) HadCM3, (f) RCA, (g) HadRM3P,
and (h) Ens/HadCM3 (mean ensemble of RCMs driven by HadCM3).

Table 7: Pattern correlation coefficient (PCC) over West Africa
from the ensemble of RCMs driven by the same GCMs
(Ens/ECHAM5 and Ens/HadCM3) and the ensemble of all RCMs
and all GCMs (multi-model ensemble: Ens/RCMs and Ens/GCMs)
rainfall with respect to GPCP. Ensembles data are interpolated to
GPCP grid.

Ensemble Ens/GCMs Ens/ECHAM5 Ens/HadCM3 Ens/RCMs

PCC 0.916 0.933 0.942 0.949

particular, because of low station density the observation da-
tasets may be characterized by especially high uncertainties
in remote regions of Africa.

The seasonal (JJAS) mean of the 850 hPa specific humid-
ity and superimposed wind fields are shown in Figures 6(a)–
6(k) for the NCEP, ERA-40, and ERA-Interim reanalyses, the
GCMs, the RCMs as well as their ensemble means. All the
models display a stronger monsoon flow and larger specific
humidity values compared to the NCEP reanalysis but quite

close to ERA-40 and ERA-Interim reanalyses. In addition, the
RCMs generally simulate more intense and deeper westerlies
over land with respect to the driving fields. Note that only
RegCM3 is able to outperform the driving GCM by simu-
lating a much lower amount of humidity, closer to reanalysis
such as ERA-40, compared to ECHAM5. The ensemble mean
of ECHAM5 driven experiments improves REMO but de-
teriorates RegCM3 simulations, although it shows a better
performance than the GCM. In contrast, the ensemble mean
based of HadCM3-driven RCMs amplifies the overestima-
tion of humidity in the Guinea region.

It is thus evident that significant performance differences
exist between the driving GCMs and nested RCMs and
among the RCMs driven by the same GCM. This illustra-
tes the importance of the representation of local/regional
processes [47] tied to the internal dynamics of the RCM [29].
Despite these differences, similarities in the simulated spe-
cific humidity between REMO and ECHAM5 and between
HadRM3P and HadCM3 are found. This suggests that
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Figure 10: Averaged JJAS difference between the future (A1B: 2031–2050) and the reference period (1981–2000) of precipitation from: (a)
ECHAM5, (b) RegCM3, (c) REMO, (d) Ens/ECHAM5 (mean ensemble of RCMs driven by ECHAM5), (e) HadCM3, (f) RCA, (g) HadRM3P,
and (h) Ens/HadCM3 (mean ensemble of RCM driven by HadCM3). Precipitation change are in % of present day values and areas where
reference mean precipitation is less than 0.5 mm/day have been masked out. Contours represent where the changes are significant at 90%
level.

although the RCM internal dynamic plays an important role
in the simulation of regional climates, the large-scale en-
vironment mostly described by the forcing fields also has an
influence on the model solution particularly for the tempera-
ture and moisture advection from the boundaries. In other
words, the model solution is obtained through a dynam-
ical equilibrium between the information from the lateral
boundary conditions and the internal model physics/dy-
namics, with this equilibrium depending on features such as
domain size, resolution, and size of the lateral buffer zone
[14].

From this analysis, it can be seen that in the ensemble
mean based on the regional climate models driven by the
same GCM, some of the errors can compensate each other
but still biases from the boundary forcings may remain. A
further ensemble approach is to consider ensembles of dif-
ferent RCMs nested in different GCMs. An example of this
is shown in Figures 7(a)–7(i) along with the corresponding

rainfall and temperature bias in Figures 8(a)–8(d). Compar-
ing these multi-model ensemble means with CRU observa-
tions shows that they both reproduce more accurately the
spatial distribution of seasonal mean temperature, with the
RCM multi-model ensemble capturing more details tied to
the local topography. Similarly, compared to GPCP pre-
cipitation, the RCM ensemble remarkably outperforms the
GCM ensemble as well as the individual RCM members, by
representing a more realistic spatial distribution (PCC of
around 0.95; Table 7) and, in particular, better defined rain-
band, orographic maxima, and rainfall values closer to obser-
vations (smaller RMSD). Similar conclusions are also found
for specific humidity with the superimposed wind vectors.

We thus find that the full ensemble of RCM simulations
shows the best performance when compared to the individ-
ual models or to the GCMs. This is because the different
RCMs are characterized by different biases which partially
counterbalance in the ensemble average. The discrepancies
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Figure 11: Averaged JJAS difference between the future (A1B: 2031–2050) and the reference period (1981–2000) of temperature (top panel)
and precipitation (bottom panel), from: (a and c) mean ensemble average of the two GCMs; (b, d) multi-model ensemble of the four RCMs.
Precipitation changes, in % of present day values and where reference means less than 0.5 mm/day, are masked out. Contours represent
where the changes are significant at 90% level.

among the individual models in the simulation of the spatial
patterns of rainfall and temperature, may substantially im-
pact the simulated climate change signal [29, 58, 59]. In the
next section, we will examine to which extent these differen-
ces affect the magnitude and the spatial pattern of the change
signal projected by the multi-model ensemble.

3.2. Future Climate

3.2.1. Mean Changes. Figures 9(a)–9(h) shows the tempera-
ture changes (A1B minus reference) from the driving GCMs,
the nested RCMs, and their ensemble means. In good agree-
ment with the GCMs, the RCMs exhibit overall warming

over West and North Africa, with the maxima being some-
what differently located. For RegCM3 and REMO, maximum
warming is located over eastern North Africa (10◦E–22◦E;
20◦N–28◦N) while models driven by HadCM3 exhibit a core
of maximum warming over the western Sahel (15◦W–2◦W;
10◦N–18◦N). A common feature over the West Sahel is the
existence of a core of large increase in temperature, which is
missing in the driving fields and evidently originates from
the local and regional processes represented by the internal
dynamics of the RCMs. This is more marked in the RCA,
HadRM3P and their ensemble mean and is connected to the
overall warmer climate shown over the Guinea and Sahel
regions. The GCMs, RCMs, and their ensemble means thus
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Figure 12: Present-day and future annual cycles of precipitation (in mm/day) over Western Sahel from, GCMs (ECHAM5 and HadCM3),
RCMs (RegCM3, REMO, RCA, and HadRM3P), and the ensemble mean of RCMs driven by ECHAM5 and HadRM3P. The present day is
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Figure 13: Present-day and future annual cycles of temperature (in ◦C) over Western Sahel from: GCMs (ECHAM5 and HadCM3),
RCMs (RegCM3, REMO, RCA, and HadRM3P), and the ensemble mean of RCMs driven by ECHAM5 and HadRM3P. The present-day
is represented by dashed lines and future by solid lines.

simulate consistent warming but with different magnitudes
and spatial patterns, which adds uncertainty to the projec-
tions.

For the projected rainfall change (Figures 10(a)–10(h)),
a consistent pattern of change signal off the western African
coasts and over the western Sahel emerges, consisting of a
pronounced decrease (more than 25%) in precipitation for
all models, except for RCA. These drier conditions are mostly
associated to the larger warming (up to 10-11 K) found there,
probably a result of lower evaporative cooling and clou-
diness. The two GCMs agree in showing this significant dry-
ing along with an increase of precipitation in regions east and
south of the northern Sahel. HadRM3P strictly replicates this
spatial distribution with more details, while RegCM3 and
REMO show no significant changes around the regions south
of the Sahel. Consequently, the ensemble of RCMs driven by
ECHAM5 reveals a clear picture of climate change signal with
rainfall increasing in the eastern Sahel and decreasing in the
western Sahel. The ensemble of RCMs driven by HadCM3
shows a wetter climate in the East but the drying over the

western part is somewhat offset by the increase of rainfall
projected by RCA.

The similarities found in the driving GCMs and nested
RCMs suggest that over the western Sahel the negative cha-
nges are primarily driven by the large-scale environment de-
scribed by the lateral boundary forcings. Conversely, the
marked differences between the global and regional model
projections over other areas highlight the role of local con-
ditions in determining the response of the regional climate to
the global warming. Furthermore, the discrepancies among
the RCMs in predicting future climate even when driven by
the same GCM indicate that the projections are sensitive to
the specific physics and internal variability of the models.
These uncertainties thus suggest that a multi-model ensem-
ble approach encompassing both RCMs and GCMs may be
needed for a better evaluation of climate change over the
region [30, 60].

The multi-model ensemble mean change accounting for
all four regional climate models (regardless of the boundary
forcings) is shown in Figures 11(a)–11(d). Consistent with



International Journal of Geophysics 15

4

3.5

3

2.5

2

1.5

1

0.5

0
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Ensemble GCM 1981–2000
Ensemble GCM 2031–2050

Ensemble RCM 1981–2000
Ensemble RCM 2031–2050

(a) Precipitation

38

36

34

32

30

28

26

24

20

22

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Ensemble GCM 1981–2000
Ensemble GCM 2031–2050

Ensemble RCM 1981–2000
Ensemble RCM 2031–2050

(b) Temperature
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the individual member’s projections, the multi-model en-
semble shows a general increase of surface air temperature
with maximum warming occurring over the northern and
central Africa. The RCM ensemble predicts much larger
warming than the GCM average over western and north-east
Sahel. Concerning the rainfall changes, the multi-model en-
semble confirms the emerging picture consisting of summer
drying over the western Sahel in conjunction with the large
warming there. Paeth et al. [30] found a drying trend using
an ensemble of nine RCMs. Therefore, this appears to be a
consistent result.

3.2.2. Changes in the Annual Cycle. To investigate the link be-
tween the decrease in mean rainfall and the monsoon season
over the western Sahel (e.g., sub-domains in Figure 1(b)),
we perform an area average of rainfall and temperature for
both present-day and future climate and display the mean
annual cycles of rainfall over this region in Figure 12 for the
individual GCM, the nested RCMs and their ensembles. It is
found that for ECHAM5, HadCM3, and all the RCMs, except
RCA, the future annual cycle of rainfall curve lies below that
of the corresponding present-day throughout the whole year,
with decreases being larger during the peak of the season
(August). This suggests that drier conditions projected by
these models are mostly due to a weakening of the peak mon-
soon rainfall and a slight narrowing seasonal cycle over the
region. The opposite is found for the RCA projection. In the
case of HadCM3, the negative changes occur mostly as a
consequence of less intense rainfall amount simulated during
the onset and installation phase of the present-day monsoon
season. Overall, these results indicate a delay in the rainfall
seasonal cycle in response to increasing GHG concentration
[61]. For the temperature annual cycle (Figure 13), the future

climate is consistently and substantially warmer throughout
the whole year, but the differences (compared to the present-
day) are larger from May through October. Therefore, this
warming is likely due to the reduction of cloud cover [4] and
shortwave radiative forcing along with reduced evaporation.
The multi-model ensembles employing, respectively, the four
RCMs and the two driving GCMs show results similar to the
majority of the models for both the precipitation and tem-
perature annual cycle changes (Figures 14(a) and 14(b)).

3.2.3. Time Series. In the previous sections, an interesting
and consistent change pattern was found to be a maximum
drying associated to a larger warming over Western Sahel.
Therefore, it is useful to examine the time series over that
region from the late 20th through the middle of the 21st cen-
turies to gain insights on possible changes in variability that
might be associated with these mean changes. These time
series are displayed in Figures 15(a) and 15(b). Both for tem-
perature and precipitation, none of the models appears to
show significant changes in interannual variability, however
an interesting threshold effect is evident, in which the warm-
ing and drying trends ensue only after the year 2020, with lit-
tle change after that. This suggests that threshold behavior
and multidecadal variability, both being non-linear effects,
can strongly affect the climate change signal and thus need
to be carefully considered when developing climate change
scenarios [34].

4. Summary and Conclusions

In this paper, we analyzed and intercompared the perfor-
mance and the projected changes of individual global and
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Figure 15: 1981–2050 trend of (a) temperature (in ◦C) and (b) precipitation (mm/day) by GCMs, RCMs, the ensemble means and multi-
model ensemble mean of GCMs and RCMs over Western Sahel.

regional climate models, along with different sets of model
ensembles, for the West Africa region. First, we found mixed
results in terms of RCMs improving the simulation of climate
patterns compared to the driving GCMs. In the case of pre-
cipitation, the GCMs shift the monsoon rain band southward
and the individual RCMs show patterns dominated by dry
biases over land. The ensembles based on RCMs employing
the same GCMs as boundary forcing outperforms some of
the features of the individual members and the driving global
climate model. However, the best performance is attained
when averaging all of the available RCMs, driven by both
GCMs. This is because of the counterbalancing of errors
in the different models. This would suggest that the use of
multi-model ensembles using a range of RCMs driven by
different GCMs might provide an optimal approach to the
provision of climate change scenarios over West Africa. In
addition, the fact that different RCMs driven by the same
GCM may have biases that are different among each other
and compared to those of the GCMs indicates that local

processes and relevant parameterizations are important in
determining the model response to the boundary forcing.

For the future period, GCMs produce mostly drier condi-
tions over the western Sahel and wetter conditions in regions
north of the Gulf of Guinea. The RCMs predict consistent
drying in conjunction with larger warming over the western
regions of the interest area but show no significant rainfall
changes in the southern regions. This indicates, again, that
although the boundary forcing by the GCMs does influence
aspects of the RCM-predicted change, the RCM projections
are also sensitive to local and regional processes and how they
are treated in the models. Consistent results, but with differ-
ent magnitudes, are found using different sets of ensembles.

We also analyzed the annual cycles of rainfall and tem-
perature and found that the majority of the models simulates
lower peaks of rainfall and amplified temperature maxi-
ma during the future monsoon season. The inter-annual var-
iability does not show large changes in the future projec-
tions; however most of the simulated temperature and
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precipitation change show a threshold effect, with negligible
trends before 2020 and more detectable trends ensuing only
thereafter.

Some considerations for our work are important. First
ensemble averaging, if sufficiently large, is expected to filter
out the effect of variability and other factors that may be af-
fecting the response of individual models (e.g., specific bia-
ses). Therefore, it should provide the best estimate of the
forced change signal. On the other hand, the real climate cha-
nge will be only one realization, so it will be affected by var-
iability. In addition, it could be that one of the models of
the ensemble is actually correct, and therefore the ensemble
average might mask that model and indeed give a conserva-
tive estimate of change. On the other hand, to date there is
really no way to unambiguously establish whether one model
projection is right compared to the others. The only way to
circumvent this uncertainty is to provide measures of spread
(i.e., uncertainty) that also account for natural interdecadal
variability. However, this is really not feasible in our case
because of the small ensemble we considered. Second, the
two GCMs we used tend to provide similar change patterns
over West Africa; however, other GCMs may provide very dif-
ferent patterns [11], and this will affect the RCM simulations.

In general, our results show how different sets of GCMs
and RCMs ensembles can improve the simulations of rainfall
and temperature over West Africa and provide consistent
climate change scenarios but with different magnitude of the
signal. This is relevant for the general applicability of this
approach over the region, especially within the framework
of the upcoming CORDEX (Coordinated Regional Climate
Downscaling Experiment) activities [60] aimed at producing
more robust climate changes scenarios over the region based
on large multi-model ensembles.
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We use the International Centre for Theoretical Physics (ICTP) Regional Climate Model (RegCM3) to study the impact of different
domain sizes on the simulation of the West African summer monsoon rainfall and circulation features. RegCM3 simulates drier
conditions over the default domain (RegCM-D1) and its westward extension (RegCM-D2), much less dryness over the eastward
extended domain (RegCM-D3) and excessive wetness in the domain extended northward into the extratropical regions (RegCM-
D4). This overestimation is related to the existence of larger source of humidity due to the inclusion of a more significant portion
of the Atlantic Ocean and to a weakening of the African Easterly Jet (AEJ), which both favor stronger westerlies advecting moisture
towards the land. The best performance is, however, captured in the RegCM-D3 experiment, and this originates from a simulation
of moderate westerly moisture fluxes along with a stronger AEJ and occurrences of more frequent African Easterly Waves (AEWs).
Therefore, the choice of the domain for regional climate model simulation of the West African summer monsoon rainfall is
of critical importance, and caution needs to be taken to account for the main regional forcings including mostly the necessary
humidity sources of the tropical Atlantic Ocean and the AEWs genesis region upstream of Sudanese Highlands.

1. Introduction

The West African Monsoon (WAM) system consists of many
atmospheric features including the low-level monsoon flow,
the midtropospheric African Easterly Jet (AEJ), and the
synoptic disturbances along the jet axis so-called African
Easterly Waves (AEWs) and the upper level Tropical Easterly
Jet (TEJ). The low-level monsoon flow originates from
meridional surface pressure gradient established between the
land and the ocean during the summer season [1]. The
AEJ appears over West Africa during the boreal summer
as a result of the strong meridional surface moisture and
temperature gradients between the Sahara and equatorial
Africa tied to the deep convective heating [2–4]. The AEWs
are generated upstream of Sudanese highlands and propagate
across West Africa around the midtropospheric AEJ through
combined baroclinic and barotropic conversion [4, 5]. The
TEJ, which is associated with the upper-level outflow from
the Asian monsoon [6], also circulates across West Africa

during the boreal summer season. These features interact in
a complex way and are responsible for the summer monsoon
precipitation over the region. For example, the low-level
monsoon flow is the major component for the moisture
transport into the West Africa continent from the Atlantic
Ocean; the position and strength of the AEJ cause rainfall
variability by transporting moisture away from the continent
[7] and by interacting with mesoscale convective systems
embedded in the AEWs [8] while the strength of the TEJ
acts mainly in the lifetime of these systems [9] which are
responsible for most of rain over West Africa [10].

Although it is complex, the WAM system is of major
economic and social importance to the population of the
region whose economy heavily relies on rain-fed agriculture.
Therefore, accurate simulation of its features will help the
understanding of its dynamics and variability to improve
our skill in predicting its onset and evolution. Many studies
have used regional climate models to understand the WAM
system. For instance, Vizy and Cook [11] studied the
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response of the WAM to tropical oceanic heating. Jenkins
et al. [9] and Sylla et al. [12] investigated the main drivers of
the present day and future Sahel droughts. Abiodun et al. [7]
documented the impact of deforestation and desertification
over West Africa while Moufouma-Okia and Rowell [13]
examined the effect of soil moisture initialization on the
WAM simulation.

All the studies mentioned above show a substantial
progress in understanding the WAM dynamical and physical
features using regional climate models. The potential of the
RegCM3 as a tool to study WAM circulation have been
highlighted in many studies including (but not limited to)
Afiesimama et al. [14], Sylla et al. [15], and Sylla et al. [16].
The model has been shown to be capable of reproducing the
mean climatology and the variability of the WAM climate.
However, since the system consists of atmospheric features
that are generated in different locations and sensitive to
different topography and surface conditions of the region,
selecting the domain size for the regional climate simulation
is crucial to be able to get the important sources of forcing
features from the boundaries.

Regional climate models are driven by time-dependent
large-scale meteorological fields specified at the boundaries
of the chosen domain. Anthes et al. [17] and Giorgi and
Mearns [18] showed that the choice of domain size and
location affects the balance between the boundary and
internal model forcings in the simulation. The location of
boundaries in relation to the regional sources of forcings in a
particular climatic region can also affect the regional climate
model solution [19]. As a matter of fact, Seth and Giorgi
[20] showed that the lateral boundaries must be placed well
outside the region of interest to avoid unrealistic response
to internal forcings while Jones et al. [21] showed that the
regional domain must be large enough to allow the full
development of small-scale features over the area of interest.

These indicate that the domain size can have significant
effects on the simulation of regional climate models and
therefore a careful choice of the domain is needed for
particular studies. In this paper, we investigate how the
sizes/extensions of regional model domain affect the WAM
circulation and consequently the simulation of rainfall
during the peak (JJA) of the rainy season. The model and
experiments are briefly described in Section 2 and the results
are discussed in Section 3 while final considerations are given
in Section 4.

2. Model Description and Experiments

The ICTP Regional Climate Model, RegCM3 [22–24] is used
in this study. RegCM3 is a primitive equation, sigma vertical
coordinate model based on the hydrostatic dynamical core
of the NCAR/PSU’s mesoscale meteorological model MM5
[25]. Radiation is represented by the CCM3 parameteriza-
tion of Kiehl et al. [26] and the planetary boundary layer
scheme is by Holtslag et al. [27]. Interactions between the
land surface and the atmosphere are described using the
Biosphere Atmosphere Transfer Scheme (BATS1E; [28]). The
scheme of Zeng et al. [29] is used to represent fluxes from
water surfaces. Convective precipitation is calculated with

the scheme of Grell et al. [25] applying the Fritsch and
Chappell [30] closure assumption. Resolvable precipitation
processes are treated with the subgrid explicit moisture
scheme (SUBEX) of Pal et al. [31], which is a physically based
parameterization including subgrid scale cloud fraction,
cloud water accretion, and evaporation of falling raindrops.
This model configuration is the same used by Sylla et al.
[16] and Sylla et al. [4]. This choice was based on an in-
depth analysis of the model performance in multidecadal
simulations of present day climate.

Four sets of experiments, covering each 5 years (2001–
2005) as in Sylla et al. [4], have been conducted over different
domain sizes (see Figure 1(a)) using 50 km of horizontal
resolution and 18 verticals level with a top at 5 mb. The
first (RegCM-D1) domain covers mostly West Africa and a
little part of the Atlantic Ocean (D1: 25E–25W; 10S–25N).
The second experiment (RegCM-D2) extends this domain
further west with much larger Ocean area up to 45◦W (D2:
45E–25W; 10S–25N). The third simulation (RegCM-D3) is
carried out in a domain that covers D2 but extended eastward
up to East Africa (35◦E) including some of the highlands
where AEWs are generated (D3: 45E–35W; 10S–25N). The
last simulation (RegCM-D4) extends D3 northward up to
45◦N to allow RegCM3 to simulate its own circulation
around the Azores high (D4: 45E–35W; 10S–45N). Each of
these domain comprises a buffer zone is just 12 grid-points
(∼5◦). The topography exhibits some localized highlands
(e.g., Figure 1(a)): Guinea Highlands (GH), Jos Plateau
(JP), and Cameroun Mountains (CM) while the eastward
extended domain comprises also part of the East African
complex terrains for instance the Sudanese Highlands (SH).
The topography is derived from the United States Geological
Survey’s (USGS) GTOPO 30 seconds (∼1 km of resolution)
global elevation data which is interpolated onto the model
grid (50 km).

All the experiments are conducted using initial and
lateral boundary conditions created from the ERA-Interim
1.5◦× 1.5◦ gridded reanalysis [32], which is the third
generation of European Centre of Medium-Range Weather
Forecast (ECMWF) reanalysis product. Sea surface tem-
peratures (SSTs) for all experiments is obtained from the
National Oceanic and Atmospheric Administration (NOAA)
Optimum Interpolation (OI) SST. The OISST used here is
produced weekly on a one-degree grid [33]. The boundary
conditions and SST are updated four times daily in RegCM3
using the relaxation procedure described by Giorgi et al.
[23].

These sets of experiments will help addressing the effect
of the western, eastern, and northern boundary on the
simulation of the different West African summer monsoon
features and rainfall. As a matter of fact, the analysis is carried
out by considering the simulated mean rainfall but also the
frequency and intensity of daily rainfall events. We should
mention that only the core of the West African rainfall season
June-August (JJA) is considered in the study because of its
large contribution on the region’s annual mean precipitation.
We evaluate the effect of (1) the westward extension of
the domain by comparing RegCM-D2 and RegCM-D1,
(2) the eastward extension by comparing RegCM-D3 and
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Figure 1: (a) The West African domain sizes and (b) topography (in meters). The analyzed domain for quantitative assessment extends from
20◦W to 20◦E and 0 to 20◦N in red. The highlands are highlighted by their respective acronyms: Guinea Highlands (GH), Jos Plateau (JP),
Cameroun Mountains (CM), and Sudanese Highlands (SH).

RegCM-D2, and (3) the northward extension by comparing
RegCM-D4 and RegCM-D3.

The performance of each experiment is assessed by com-
paring with the high-resolution (0.25◦× 0.25◦) product of
Tropical Rainfall Measuring Mission (TRMM; [34, 35]).
TRMM is satellite-derived daily and monthly rainfall pro-
viding data for the entire tropics since November 1997. The
GPCP (Global Precipitation Climatology Project, 2.5◦× 2.5◦

resolution; [36], product is also used as additional reference
for the baseline validation to account for uncertainties in
rainfall observations [37]. Although both of them are mainly
based on satellite observations, they have also been compared
and merged with ground station rain gauges to create the
final products.

For quantitative assessment, we evaluate the spatial pat-
terns of the experiments’ bias but also some quantitative
measures being mean bias (MB), root mean square difference
(RMSD), and pattern correlation coefficient (PCC) with
respect to the TRMM rainfall. Although we plot the common
region across the simulations, the statistic measures are
computed over the analyzed domain (Figure 1(b)), thus
excluding the buffer zone of D1. The MB, RMSD, and
PCC can be considered as measures of model systematic
errors and performance as they provide information at
both the regional and the grid point levels. The origins of
the different performance of the regional climate model to
simulate the seasonal rainfall will therefore be examined
through the WAM features for instance the monsoon flow,
the subsequent vertically integrated moisture flux, the AEJ,
the TEJ, the upward motion between the jets axis, and the
AEWs.

3. Results

3.1. The Simulated Rainfall Patterns. The effect of various
domain sizes (e.g., Figure 1(b)) is investigated for rainfall and

the relevant monsoon circulation features. For instance, we
intercompare D1 and D2, D2 and D3, and D3 and D4 as
mentioned above. Figures 2(a)–2(f) shows the summer (JJA)
mean rainfall from GPCP and TRMM observations along
with the RegCM3 simulations over the different domains.
Observations (both GPCP and TRMM) display the ITCZ in
a zonal and tilted band between 8◦N and 13◦N, with rainfall
decreasing south and north of it. Precipitation maxima
are, however, located in orographic regions such as the
Guinea highlands, Jos plateau, and Cameroun Mountains
(e.g., Figure 1(a)). TRMM shows some fine-scale localized
intense rainfall amount, not captured in GPCP, which are
related to local topography and are mostly artifact of the
higher resolution.

RegCM3 reproduces quite well this spatial distribution,
in particular the ITCZ position, the northern and southern
gradients of rainfall and the location of maxima over
orographic regions in all domains with PCCs of around 0.80.
Note that some cores of large rainfall amount are present at
the margins of the eastern boundary of both D1 and D2. We
should mention that these are just due to the presence of
boundary effects in regional climate model simulation [20]
because of the proximity of this area to the eastern boundary.
Therefore, they are not considered here.

The different domains exhibit different bias patterns as
displayed in Figures 3(a)–3(d). In addition, Table 1 sum-
marizes the quantitative measures MB, RMSD, and PCC
calculated for each of the simulations with respect to TRMM.
RegCM-D1 and RegCM-D2 are drier than TRMM over most
of land and oceanic areas resulting, respectively, in an MB
of −7.5% and −4.5% and an RMSD of 1.97 mm/day and
1.88 mm/day. This dryness is reduced in both magnitude and
spatial extent in RegCM-D3 experiment where the model
also simulates some few wet bias along the Gulf of Guinea
and the ITCZ regions. The larger and more extended wet
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Figure 2: Mean JJA rainfall averaged for the period 2001–2005 from (a) GPCP, (b) TRMM, (c) RegCM-D1, (d) RegCM-D2, (e) RegCM-D3,
and (f) RegCM-D4. Units are expressed in mm/day.
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Figure 3: Differences in mean JJA rainfall between (a) RegCM-D1 and TRMM, (b) RegCM-D2 and TRMM, (c) RegCM-D3 and TRMM
and (d) RegCM-D4, and TRMM. Units are expressed as percentage of TRMM values.

biases are, however, found in RegCM-D4. This is consistent
with the lower MB (−2.95%) and RMSD (1.80 mm/day)
simulated in RegCM-D3 compared to those of RegCM-D4
(4.07% and 1.93 mm/day, resp.). It is worth noting that
RegCM-D3 exhibits also the larger PCC.

It is thus evident that substantial discrepancies exist
across the different simulations. This is highlighted in Figures
4(a)–4(c). Differences between RegCM-D2 and RegCM-D1
(e.g., Figure 4(a)), which represents the extension of the
western boundary effect, show mostly a noisy pattern in
the land where rainfall increases and decreases for about
20% and −20%. The most significant change (up to 40%)
is shown at the Guinea coast between 15◦W and 5◦W
and off the west coast. These changes have lead to a
larger maximum over the orographic regions and the ocean
ITCZ in RegCM-D2 compared to RegCM-D1. The effect

Table 1: Mean Bias (MB), Root Mean Square Difference (RMSD)
and Pattern Correlation Coefficient (PCC) for each of the sim-
ulation with respect to TRMM over the analyzed domain (e.g.,
Figure 1(b)). MB is expressed as percentage of TRMM values while
RMSD as mm/day.

Domain 1 Domain 2 Domain 3 Domain 4

MB −7.53 −5.42 −2.95 4.07

RMSD 1.97 1.88 1.80 1.93

PCC 0.79 0.80 0.82 0.80

of the extension of the eastern boundary, illustrated by the
difference between RegCM-D3 and RegCM-D2 (Figure 4(b))
impacts mostly the zonal rainfall band around 12◦N with
an increase of the intensity of about 20–30%, contributing
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Figure 4: Differences among the simulations of mean JJA rainfall between (a) RegCM-D2 and RegCM-D1, (b) RegCM-D3 and RegCM-D2,
and (c) RegCM-D4 and RegCM-D3. Units are expressed as percentage of, respectively, RegCM-D1, RegCM-D2, and RegCM-D3 values.

to the inland extension and stronger but more realistic
orographic maximum over the Guinea Highlands and ITCZ.
The most significant changes are obtained when the northern
boundary of D3 is extended further north up to 45◦N. In

fact, RegCM-D4 shows a sharper and stronger ITCZ, causing
an overestimation of rainfall in these convective regions and
also over the Sahel of about more than 30–50%. Note that
some slight decrease is shown in the western coastal areas.
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Figure 5: Differences in mean number of rainfall events between (a) RegCM-D1 and TRMM, (b) RegCM-D2 and TRMM, (c) RegCM-D3
and TRMM, and (d) RegCM-D4 and TRMM. Units are expressed as percentage of TRMM values.

Overall, based on the spatial distribution, the mean and
the pattern of bias, the RMSD and the PCC analysis, we
conclude that the RegCM-D3 is performing better than the
other model configurations in simulating the West African
summer monsoon rainfall in both magnitude and spatial
distribution.

Although changes in the boundary locations trigger
internal variability in the regional climate model, that latter
does affect only the day-to-day model solution and not
the mean climatology [38–40]. This suggests rationales
to further analyze how the distribution of daily rainfall,
specifically the frequency and intensity of wet days, is
affected by the choice of the domain size. The difference
in the frequency of wet days between each of the model
configurations and the TRMM observation are displayed in
Figures 5(a)–5(d). All the RegCM3 simulations consistently

and substantially overestimate the number of wet days
over the entire analyzed domain, mostly along the Gulf
of Guinea, off the Senegal coast, and over central West
Africa. In the first three domains (D1, D2, and D3), the
difference maps exhibit similar characteristics among the
simulations and this indicates that the smaller domain and
its westward and eastward extension do not significantly
impact the occurrence of wet days. The number of these
events is only affected by the northern boundary location
(RegCM-D4) which yields to the largest overestimation
in the central regions of West Africa. The corresponding
differences between the simulations and TRMM observation
for the intensity of the rainfall events are presented in Figures
6(a)–6(d). As opposite to the frequency spatial distribution,
the regional model generally simulates less intensity of
rainfall events with respect to TRMM. Key difference among
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Figure 6: Differences in mean intensity of rainfall events between (a) RegCM-D1 and TRMM, (b) RegCM-D2 and TRMM, (c) RegCM-D3
and TRMM, and (d) RegCM-D4 and TRMM. Units are expressed as percentage of TRMM values.

the different model configurations is that RegCM-D1 and
RegCM-D2 show larger underestimation along the ITCZ
compared to RegCM-D3 and RegCM-D4.

Overall, an intercomparison of the different simulations
indicates that both the default domain (RegCM-D1) and its
westward extension (RegCM-D2) produce lesser intensity of
rainfall events which explain the larger dry bias and that
the northward extension (RegCM-D4) favors more frequent
and more intensity of rainfall events (compared to other
domains’ simulation) consistent to the larger wet bias over
the ITCZ. We should note that RegCM-D3 is mostly similar
to RegCM-D2 for the frequency and to RegCM-D4 for
the intensity. Therefore, RegCM-D3 has an intermediate
behavior which supports its best performance in capturing
the mean summer monsoon rainfall.

From the above analysis, it is clear that the locations
of the western, eastern, and northern boundaries have
strong effects on the regional climate model simulation of
the monsoon precipitation pattern over West Africa. These
effects are, respectively, (1) increases of rainfall over the
orographic regions adjacent to the west coast and along the
ocean ITCZ, (2) inland extension of the Guinea highlands
maxima and strengthening of the ITCZ, and (3) sharpening
of the ITCZ and large increase of rainfall in the Sudano-Sahel
and the Sahel regions. The best performance is, however,
shown in RegCM-D3. As the rainfall pattern over West Africa
is associated with the migration of the low-pressure system
ITCZ to the north [41–43] and the mesoscale convective
systems, which are related to the dynamics of the WAM
[9, 10, 16, 44], these differences in the simulations due to the
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Figure 7: Mean JJA low-level (850 hPa) monsoon flow averaged for the period 2001–2005 for (a) RegCM-D1, (b) the differences between
RegCM-D2 and RegCM-D1, (c) the differences between RegCM-D3 and RegCM-D2, and (d) the differences between RegCM-D4 and
RegCM-D3. Units are expressed in m/s.

selection of different domain sizes must be originated from
the simulated monsoon circulation features.

3.2. The Simulated Monsoon Circulation Features. The low-
level (850 hPa) wind field is shown in Figures 7(a)–7(d)
for respectively RegCM-D1, RegCM-D2 minus RegCM-
D1, RegCM-D3 minus RegCM-D2 and RegCM-D4 minus
RegCM-D3. RegCM-D1 shows the monsoon flow, primarily
southeasterlies in the Southern Hemisphere becoming south-
westerlies and westerlies as they cross the equator. Compared
to RegCM-D1, RegCM-D2 simulates stronger monsoon flow
off the west coast, in the Guinea highlands, and the Gulf
of Guinea. Similarly, differences between RegCM-D3 and
RegCM-D2, and on the other hand between RegCM-D4
and RegCM-D3, indicate significant increase of the inflow
from the Atlantic Ocean to the land around the 12◦N
zonal band which lies along the ITCZ. Since the monsoon
flow is the major source of humidity for West Africa, the

above suggests more humidity transport as the domain
extends. To test this hypothesis, we display, respectively, the
vertically integrated meridional and zonal moisture fluxes in
Figures 8(a)–8(d) and Figures 9(a)–9(d) for each simulation.
The simulated meridional moisture flux is mostly southerly
over land and off the west coast. It reveals very few
differences among the different model configurations mostly
located around and north of Guinea highlands. The zonal
moisture flux, however, exhibits marked differences mostly
in the westerly component. In fact, RegCM-D2 simulates
stronger zonal moisture flux (with respect to RegCM-D1)
off the west coast, the Gulf of Guinea and along the
Sahel band. These fluxes are mainly westerlies and they
originate from the availability of larger source of moisture
due to the larger portion of the Atlantic Ocean included
in the domain. This contributes to enhance the moisture
advection inland. Moreover compared to RegCM-D2, the
simulation over the Domain D3 shows a widening of the
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Figure 8: Mean JJA vertically integrated meridional moisture flux averaged for the period 2001–2005 for (a) RegCM-D1, (b) RegCM-D2,
(c) RegCM-D3, and (d) RegCM-D4. Positive values denote southerly flow. Units are expressed in kg m−1 s−1.

maxima off the west coast and also a northward shift and
an intensification of the core in the Sahel as a consequence
of the weakening of the easterly flow. In RegCM-D4, both
the increase of the moisture sources and disappearance
of the easterly flow act to further enhance the westerly
component of the zonal moisture inflow. Therefore, the zonal
moisture flux tends to amplify as the domain extends. The
results appear to be consistent to the larger, intermediate,
and lower amount of rainfall captured, respectively, in
RegCM-D4, RegCM-D3, and RegCM-D2 and RegCM-D1
simulations.

Having examined the low-level monsoon flow and the
corresponding integrated moisture fluxes, we now turn
our attention to the AEJ. The 650 hPa mean zonal wind
depicting the AEJ from the different simulations shows,
from Figures 10(a)–10(d), that RegCM-D1 and RegCM-
D2 capture similar jet core with speed reaching 14 m/s,

getting a bit narrower in RegCM-D3 and much weaker
(for about 4 m/s) in RegCM-D4. This suggests that the
western and eastern boundaries do not significantly affect
the simulation. The reason is that in these domains, the
surface conditions (mostly temperature gradient) are not
substantially different. In turn, the location of the northern
boundary strongly impacts the AEJ strength and spatial
pattern. This is originated from the weakening of the lower-
level baroclinicity due to decrease in temperature related
to the increase in precipitation between 10◦N and 15◦N
[4, 45]. The weaker AEJ is consistent to the disappearance
of the easterly component of the integrated zonal moisture
flux which led to an increase of the westerly flow and large
overestimation of the monsoon rainfall. The simulations of
Tropical Easterly Jet (TEJ) across the domains do not show
any substantial differences and therefore they are not shown
for brevity.
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Another important feature for the WAM circulation is
the strong ascent in the vertical wind bounded by the jet
axes and responsible for the location and strength of the
ITCZ [46]. This is characterized in a latitude-height cross-
section of the vertical wind averaged between 10◦E and 10◦W
and displayed in Figures 11(a)–11(d) for each simulation
respectively. As documented in Sylla et al. [16], all the
RegCM3 simulations exhibit an upward motion at around
5◦N, 10◦N and 15–25◦N, respectively, connected to friction
occurring at the interface between the ocean and land surface
in the lower-level [41], to the midtropospheric ITCZ strong
ascent and to the Saharan Thermal Low uplift. This deep
midtropospheric ascent core is not substantially different
in RegCM-D1, RegCM-D2, and RegCM-D3 simulations in
both shape and magnitude whereas in RegCM-D4, it is

more extended towards the northern latitudes suggesting a
wider area of strong convective activity and upward transport
of moisture from the monsoon flow level to the upper
levels. Furthermore RegCM-D1, RegCM-D2, and RegCM-
D3 show some subsidence just below the midtropospheric
ascent, which is missing in the RegCM-D4. The wider area
of convective activity and the absence of subsidence just
below to counterbalance it have led to the excessive rainfall
along the ITCZ and the Sahel regions in the RegCM-D4.
These larger rainfall amounts and the wider convective
activity’s region can be assimilated to a poleward extent
of the monsoon. This poleward extent of the monsoon
rainfall along with the weaker AEJ both found with a
northern boundary placed further north around the Azores
High region (RegCM-D4) suggest the existence of some
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interactions between the extratropics and the WAM [47, 48].
However, this is out of the scope of the paper and is not
analyzed here.

The last WAM feature examined is the AEWs that
connect weather and climate and therefore are key drivers of
climate variability in the region. Figures 12(a)–12(d) displays
the 3–5 days bandpass filtered JJA 650 hPa meridional
wind variance averaged over the whole simulation period
depicting the AEW activity [4, 49, 50] for each of the model
configuration. Their simulations by RegCM3 and how they
are related to the atmospheric deep convection are analyzed
in details by Sylla et al. [4]. In the smallest (default: D1)
domain, the main AEW activity is confined over West Africa
while the extension of the western boundary extends it
over the Atlantic Ocean causing its weakening in most of
the land. The highest changes occur with the extension

of the eastern boundary, when the domain (D3) includes
regions where AEWs are generated. Substantial increases
of the activity are simulated compared to RegCM-D1 and
RegCM-D2. This is related to a general overestimation of
the frequency of the waves simulated by RegCM3 over the
genesis region and to the tendency of this model to produce
more instability along the ITZC [4]. Comparison between
the RegCM-D4 and RegCM-D3 simulations suggests that
the northern boundary location has only a little impact on
the waves’ activity. The larger wave activity in RegCM-D3
and RegCM-D4 compared to other domains simulation is an
indication of more mesoscale convective systems embedded
in the AEWs and responsible for most of the rain over West
Africa (e.g., [8, 10]). This is thus consistent to the more
rainfall amount simulated along the ITCZ in RegCM-D3 and
RegCM-D4 compared to RegCM-D1 and RegCM-D2.
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Figure 11: Mean JJA latitude-height cross section of vertical velocity averaged between 10◦E–10◦W for (a) RegCM-D1, (b) RegCM-D2, (c)
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From this analysis, it is evident that the location of
the regional climate model domain boundaries significantly
impacts the simulation of the different components of the
WAM system along with the summer monsoon rainfall.
The monsoon flow and the vertically integrated moisture
fluxes are sensitive to any extension of the domain size, the
impact on AEJ occurs mostly with the northern boundary

while the AEWs activity, exhibiting the largest effects, is
more pronounced by an eastward extension of the domain.
Given that the simulation of rainfall is more realistic in D3,
this overall intercomparison suggests that domain choice for
studying the West African summer monsoon climate should
be located along the tropical belt and include a large portion
of the Atlantic Ocean and regions over the East African
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Figure 12: Mean variance of the 3–5 days bandpass filtered of the 650 hPa JJA meridional wind for (a) RegCM-D1, (b) RegCM-D2, (c)
RegCM-D3, and (d) RegCM-D4. Units are expressed in m/s.

complex terrains (upstream of Sudanese Highlands) to allow
the regional climate model to develop a strong monsoon
flow, produce large vertically integrated zonal moisture flux,
and generate its own AEW features.

4. Summary and Conclusion

In this paper the impact of different domain sizes in the
simulation of the West African summer monsoon rainfall
is examined using the ICTP-RegCM3. The four different
domains in which the simulations are conducted comprise
a default one covering mostly West Africa and some part
of the Atlantic Ocean; an extended domain toward the west
with much larger oceanic region; an eastward extension of
that latter up to the East Africa Highlands and finally a last

domain covering the regions around the Azores High and
extended up to 45◦N.

All of the RegCM3 simulations capture well the observed
precipitation pattern, particularly the ITCZ position, the
northern and southern gradients of rainfall, and the location
of maxima over orographic regions. However substantial
discrepancies regarding the amount of mean summer mon-
soon rainfall and the frequency and intensity of rainfall
events occur across the different domains. In fact, when the
domain is extended westward, the regional climate model
simulates higher rainfall amount off the west coast along
with an overestimation of rainfall events and much less
rainfall intensity. Increases in mean seasonal rainfall over
the Guinea Highlands and along the ITCZ arise with an
eastward extension of that latter domain. Finally, when the
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northern boundary is displaced further north up to 45◦N,
the simulation produces a more intense ITCZ in both land
and the Atlantic Ocean, thus overestimating rainfall over
much part of central West Africa. It should be noted that the
more realistic simulation of the rainfall pattern and intensity
is achieved with both a westward and eastward extension
of the default domain (e.g., in RegCM-D3). This originates
from a more moderate overestimation of the frequency of
the rainfall events along with lesser underestimation of their
intensity. We thus investigate whether the reasons for these
discrepancies in the simulations of the summer monsoon
rainfall over West Africa can be found in the behavior of the
simulated monsoon circulations features.

Firstly, the monsoon flow and the subsequent vertically
integrated zonal moisture flux (mostly westerly) become
stronger as the domain extends in both the Atlantic Ocean
and towards the East African highlands. In fact, the westward
(RegCM-D2) and northward (RegCM-D4) extension of the
domain has provided larger source of humidity which favors
more moisture advection inland while the eastward (RegCM-
D3 and RegCM-D4) extension decreases the easterly flux
thereby increases the westerlies. This explains the larger west-
erly moisture inflow in RegCM-D4, the moderate one in
RegCM-D3, and the lower amount in both RegCM-D1 and
RegCM-D2 over land.

Secondly, the AEJ and the ascent along the ITCZ are
not substantially different in RegCM-D1, RegCM-D2, and
RegCM-D3 and in fact, are quasiequally strong, indicating
that the eastward and westward locations of the boundary
forcings are of minor importance for the simulation of these
features because they are mainly driven by surface conditions
surface conditions which are similar across these simulations.
However, when the northern boundary is placed further
north to include the region of Azores High, the AEJ becomes
weaker and the width of the deep core of ascent wider due to
decreased meridional surface air temperature gradient and
suggesting some influence of the extratropics on the WAM
climate. This weaker AEJ is also consistent with the larger
integrated westerly moisture flux found in this simulation.

Finally, the AEWs activity is lower with a westward
extension of the default domain but largest when the domain
covers parts of the East African Highlands (in both RegCM-
D3 and RegCM-D4). This indicates that the eastward
extension tends to increase instability in the simulations and
that regional climate model produces excessive numbers of
AEWs in the genesis region that would favor more rainfall.

It is thus evident that each of the different domain
extensions gives rise to different behavior of the circulation
features and that the more accurate simulation of rainfall
occurring in Domain D3 is mostly connected to a strong
monsoon flow, an intermediate integrated zonal moisture
flux, and larger magnitude of the AEWs activity. Therefore
domain choice for studying the West African summer
monsoon climate must be situated mostly in the tropics
and should include a large portion of the Atlantic Ocean
and regions upstream of Sudanese Highlands to allow the
regional climate model to, respectively, develop enough
zonal moisture advection and to generate its own AEW
features.
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The ICTP-RegCM3 is used to downscale at 40 km projections from ECHAM5 over West Africa during the mid and late 21st
Century. The results show that while ECHAM5 projects wetter climate along the Gulf of Guinea and drier conditions along the
Sahel, RegCM3 produces contrasting changes for low-elevation (negative) and high-elevation (positive) terrains more marked
during the second period. These wetter conditions in the uplands result from an intensification of the atmospheric hydrological
cycle arising as a consequence of more frequent and denser rainy days and leading to larger intensity and more extreme events.
Examination of the large-scale dynamics reveal that these conditions are mostly driven by increased low-level moisture convergence
which produces elevated vertical motion above Cameroun’s mountainous areas favoring more atmospheric instability, moisture,
and rainfall. This regulation of climate change signal by high-elevation terrains is feasible only in RegCM3 as the driving ECHAM5
is smoothing along all the Gulf of Guinea. This consolidates the need to use regional climate model to investigate the regional and
local response of the hydrological cycle, the daily rainfall and extreme events to the increasing anthropogenic GHG warming for
suitable impact studies specifically over region with complex topography such as West Africa.

1. Introduction

Climate change information is needed at the regional and
local scales over West Africa for impacts assessment and
development of suitable mitigation and adaptation plans.
To date, most of the regional changes due to increasing
anthropogenic greenhouse gas (GHG) concentrations are
derived from coupled global climate models (GCMs). Kamga
et al. [1] found that the Sahel region is wetter in the 21st
century in association with increased atmospheric moisture.
In contrast, Hulme et al. [2] projected large reduction of
precipitation over the Sahel. Recently, Giannini et al. [3]
stated that there is no agreement among GCMs about
future changes of precipitation over West Africa [4, 5]. This
highlights arising difficulties while simulating and analyzing
the West African climate with GCMs. The reasons may be

related to the existence of mesoscale convection systems
(MSCs), coastlines, marked gradient of vegetation, and
complex topography forcing precipitation over the region.

To bridge the gap between these fine-scale processes
and the resolution of climate models, regional climate
modeling [6] is critical for West Africa. Regional climate
models take the large-scale atmospheric circulation supplied
by either reanalysis or atmosphere-ocean coupled global
climate model (AOGCM) data at the lateral boundaries,
resolve the complex topography, the land-sea contrast, the
surface heterogeneities, and the detailed description of
physical processes, and generate realistic high-resolution
information coherent with the driving field. As a result, RCM
is widely used to provide regional and local climate change
information [7–14] but also to conduct process studies [15–
20].
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The performance of the International Centre for The-
oretical Physics (ICTP) regional climate model (RegCM3;
[21]) in simulating the present-day West African climate
and the projected Sahel rainfall was analyzed by Sylla et
al. [22, 23], respectively. RegCM3 was driven at the lateral
boundaries by the European Center/Hamburg 5 (ECHAM5
[24]) coupled to the Max Planck Institute ocean model
(MPIOM; [25]) for the periods 1981–2000 and 2081–2100.
Sylla et al. [22] found that RegCM3 was able to realistically
reproduce the spatial distributions of rainfall, temperature,
and the dynamics of the different monsoon circulation fea-
tures. RegCM3 also exhibited some dry but lower (compared
to ECHAM5/MPIOM hereafter referred to as ECHAM5) bias
mostly over orographic regions of Guinea Highlands and
Cameroun Mountains with respect to the Climatic Research
Unit (CRU) observations. However, we should emphasize
that very high resolution of observational datasets is not fully
available over these regions with steep topography making
it difficult to detect related local precipitation patterns and
better assess added value [26]. In any case, the present-day
regional bias is of minor importance in determining the
simulated regional change [27]. In multidecal simulations
carried out under increasing GHG forcing (A1B scenario
[28]), Sylla et al. [23] showed that the future scenario
simulation produces drier conditions over the Sahel and
wetter conditions over orographic areas. In-depth analysis
of the monsoon dynamics revealed that the changes in the
circulation features are characteristics of dry periods over
the Sahel and are similar to the conditions found in the
late twentieth century observed drought in the region. We
should specify that Sylla et al.’s paper [23] was only based
on RegCM3 results and mostly focused on verifying how
the projected rainfall over the Sahel was related to future
monsoon circulation changes. Little interest was however
given to the complex terrains.

In this paper, we extend the analysis of Sylla et al.
[23] over the Guinea Coast mountainous areas and discuss
the possible role of topography in shaping the changes in
atmospheric water cycle and extreme rainfall by examining
the differences between the projected patterns derived from
RegCM3 and the driving ECHAM5.

In fact, mountain ecosystems over West Africa are often
fertile but densely populated and provide resources that
are strongly coveted by many actors. They are mostly
very limited in spatial extension and are subject to rapid
changes in climate. Many upland management issues, such as
flooding and drought, are highly sensitive to climate change.
Climatic variables needed for vulnerability assessment must
be projected at regional or local scales, and this requires
an understanding of potential future changes over complex
terrains. None of the GCMs climate change scenario studies
done over the region have identified a particular fine-scale
signal over these areas, and most of them are smoothing.
Although increasing anthropogenic GHG concentration is
likely going to impact the global climate, the response of
local complex terrains forcing such as Guinea Highlands
and Cameroon Mountains over West Africa in terms of
mean hydrological cycle and extreme events is not yet fully
addressed.

To investigate this issue, we used RegCM3 to construct
projections of climate over West Africa under the IPCC
midrange GHG emission scenario A1B [28]. The objective of
this paper is not however to provide more reliable scenarios
over the region but to examine the local response of high-
elevation terrains with respect to the low-elevation regions to
the climate change signal, with emphasis on the atmospheric
hydrological cycle and extreme events, in a regional climate
model compared to the driving global climate model.

We describe the models and experiments in Section 2,
discuss the results in Section 3, and summarize and conclude
in Section 4.

2. Description of Numerical Experiments

The ICTP RegCM3 [21, 29, 30] is used to downscale future
scenarios from ECHAM5 [24] over West Africa. RegCM3 is a
primitive equation, sigma vertical coordinate, and regional
climate model based on the hydrostatic version of the
dynamical core of NCAR/PSU’s mesoscale meteorological
model MM5 [31]. Radiation is represented by the CCM3
parameterization of Kiehl et al. [32], and the planetary
boundary scheme is represented by Holtslag et al. [33]
parameterization. Interactions between the land surface
and the atmosphere are described using the biosphere-
atmosphere transfer scheme (BATS1E; [34]). Zeng et al.’s
scheme [35] is used to represent fluxes from oceans.
Convective precipitation is represented based on Grell et al.’s
scheme [31] applying the Fritsch and Chappell [36] closure
assumption. Resolvable precipitation processes are treated
with the subgrid explicit moisture scheme (SUBEX) of
Pal et al. [37] which is a physically based parameterization
that includes variation at the subgrid scale of clouds, cloud
water accretion, and evaporation of raindrops.

ECHAM5 [24], this fifth generation atmospheric general
circulation model developed at the Max Planck Institute for
Meteorology (MPIM), is the most recent version in a series
of ECHAM models evolving originally from the spectral
weather prediction model of the European Centre for
Medium Range Weather Forecasts (ECMWF). The ensemble
member used in this experiment has a T63 horizontal
spectral resolution (1.9◦×1.9◦ approximately) and 19 vertical
levels, with the top extending to 10 hPa. ECHAM5 is coupled
to the MPIOM [25] ocean model to provide 6-hourly data of
sea surface temperature for the whole period of integration.

The domain and topography from RegCM3 and
ECHAM5 are displayed in Figure 1(a) and are the same as
those used in Sylla et al.’s paper [22, 23]. The topography
exhibits some complex terrains (e.g., Figure 1(a)): Guinea
Highlands (∼10◦N; 13◦W), Cameroon Mountain (∼6◦N;
12◦E), and Jos Plateau (∼10◦N; 7.5◦E). We should note
that ECHAM5 is often giving lower altitudes of mountains
compared to RegCM3, and these differences may affect
the local response to the increasing GHG concentration.
RegCM3 has been integrated over this domain for two future
time slices of 20 years long each at a spatial resolution of
40 km. The first period coincides with the early 21st century
(2031–2050), and the second one with the last two decades
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Figure 1: Interior domain, topography, and subregions. SH stands for Sahel; GH: Guinea Highlands; FG: Flatter (low-elevation terrains) of
Gulf of Guinea; CM: Cameroun Mountains.

of the 21st century (2081–2100). The midrange IPCC A1B
emission scenario [28] is considered in these experiments.

The analysis is carried out by differentiating the future
time periods and the present-day climate by considering only
the peak monsoon season JJA (June-July-August). We mostly
emphasize changes in the hydrological cycle and in the
characteristics of daily rainfall and extreme events. Table 1
summarizes the climate indices selected to characterize the
rainfall events and extremes, while the atmospheric water
budget equation is given by the equation below:

E − P = ∂w

∂t
+∇ · 1

g

∫
qV dp, (1)

where E represents the evaporation, P is the precipitation,
w = (1/g)

∫
q dp is the precipitable water, q is the specific

humidity, and V is the velocity vector. Equation (1) indicates
that the difference between evaporation and precipitation
is balanced by the local rate of water vapour change in
the atmospheric column and by the vertically integrated
moisture flux divergence. The first right-hand side term
is negligible for monthly or seasonal time scales, while
the second term is particularly important for the West
African Monsoon where the divergent wind component,
mainly depending on regional forcing, is dominant [38].
This divergent term mostly provides information about the
atmospheric humidity content, and therefore, its change
can be substituted by the change in precipitable water
represented as the vertical integration of specific humidity.
As a consequence, we analyse changes in mean precipitation
and in the elements of the hydrological cycle as well as in the
second-order daily statistics such as frequency and density
of rainy events, intensity of wet days, and extreme rainfall
for each time period and for both RegCM3 and ECHAM5.
In particular, we discuss how the high-elevation terrains are

Table 1: Definition of indices.

Indices Definitions

Frequency
Maximum number of days with precipitation
>1 mm

Intensity Precipitation intensity due to the wet days only

95th percentile Only 5% of the data are above this value

Highest one-day
precipitation

Intensity of the highest daily rainfall event

shaping the regional response of the climate change signal
to increasing GHG warming over West Africa by comparing
RegCM3 and ECHAM5 projections.

3. Results and Discussions

3.1. Mean Changes in the Atmospheric Water Cycle Com-
ponents. Precipitation changes produced by ECHAM5 and
RegCM3 for the early and late 21st century are shown
in Figures 2(a)–2(d), respectively. Shaded areas are where
changes are significant at 90% of confidence level. During
the first time period, ECHAM5 situates decrease of rainfall
of about 5–40% of the present-day values in the western
Sahel region and increase in the western part of the Gulf of
Guinea and eastern Sahel of about 5–10%. RegCM3 provides
similar changes but limits the dry conditions over the coastal
countries of the Sahel (Senegal) and extends the wetter
conditions to the central Sahel and down to the Cameroun
Mountains. During the second future time period, ECHAM5
exhibits a dipole pattern consisting of amplified dry condi-
tions, up to 60% of the present-day values, over the Sahel
and wetter conditions of about 10–40% south of 10◦N along
the Guinea Coast. This broad pattern is generally replicated
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Figure 2: Summer (June–August) difference (A1B minus reference) in mean precipitation from ECHAM5 (upper) and RegCM3 (lower)
during the early (left) and the late (right) 21st century. Units are expressed as the percentage of present-day value, and only areas where
changes are statistically significant at the 90% level are shaded.

by RegCM3 but at a finer resolution. In fact, the negative
rainfall changes are substantially larger and more extended
over the entire West Africa except around orographic regions
of Cameroun and, to a lesser extent, around the peak of
Guinea Highlands. In these complex terrains, the regional
model projects increase of summer rainfall of about 10–60%
following the shape of the mountains. We should note that
these wetter conditions are found over the complex terrains
where temperature changes are smaller (e.g., [23]) indicating
a significant role of cloud cover. Although it is smoothing
the signal along the entire Guinea Coast, the global model is
able to simulate positive changes in the complex terrains and
negative changes over the Sahel, hence confirming the strong
influence of the boundary forcing on the regional climate

model simulation [6]. Overall, while ECHAM5 projects
wetter Gulf of Guinea and drier Sahel, the RegCM3 is able
to offer finer spatial details and opposite sign of changes
from the low-elevation terrains (negative changes) to the
uplands (positive changes) indicating a substantial sensitivity
of the West African regional climate to the regional and local
forcing and processes such as land surface heterogeneities
and complex terrains. The way these processes modulate the
large-scale climate change signal is discussed in Section 3.4.

Another important parameter of the atmospheric water
cycle is the surface evaporation. Change in surface evap-
oration, shown in Figures 3(a)–3(d), mostly mimics those
of the mean rainfall. In fact, during the early 21st century,
both global and regional climate models display lower
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Figure 3: The same as Figure 2 but for evaporation.

evaporation in the western Sahel and larger evaporation in
the eastern part of West Africa including the Cameroun
complex terrains. As for the mean rainfall during the second
future time period, ECHAM5 provides positive changes
along the Guinea Coast and negative changes in regions
above, while the higher resolution RegCM3 exhibits larger
amount of evaporation only over the peak of Cameroun
Mountains. In these complex terrains, the total soil moisture
content does not exhibit significant changes (Figures 4(a)–
4(d)). In contrast, in the low elevation terrains where rainfall
and evaporation changes are negative, the total soil moisture
content is lower in the future time periods suggesting that
surface evaporation change is driven to a large extent by
precipitation change.

In opposite to the mean changes of rainfall and evap-
oration which exhibit a dipole pattern, the precipitable

water (vertical integration of specific humidity), shown in
Figures 5(a)–5(d) for ECHAM5 and RegCM3, undergoes
a general increase more marked during the second future
time period with the more significant increase occurring
along the Cameroun Mountains peak (more than 30%)
indicating a stronger water vapour feedback. However, this
general increase of precipitable water does not lead to future
increased rainfall over the Sahel because of an African
easterly jet positioned southward and the presence of less
African easterly waves activity (e.g., [23]). Another reason
may be related to the fact that the warming affects the
stability of the atmosphere which in turn drives a dry Sahel
[39].

In summary, while ECHAM5 shows negative changes
of rainfall and evaporation over the Sahel and positive
changes over the Guinea Coast, RegCM3 provides opposite
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Figure 4: The same as Figure 3 but for total soil moisture content.

changes between the low-elevation (negative over Sahel
and the flatter Gulf of Guinea) and high-elevation terrains
(positive mostly over Cameroun Mountains). In addition,
both models project elevated precipitable water over the
whole West Africa with the larger increase over the peak
of Cameroun complex terrains. It is thus evident that
surface orography strengthens the water vapour feedback,
intensifies the atmospheric hydrological cycle, and gives rise
to contrasting climate change signal over West Africa. The
role of the complex terrains in shaping the water cycle change
is only noticeable in the regional climate model projections.
It may stand from orographic uplifting that tends to amplify
rainfall amounts in upland areas. However, before discussing
the related dynamics that bring about such different changes
in Section 3.4, it is worth investigating how these changes
affect the characteristics of daily and extreme rainfall events.

3.2. Changes in the Frequency, Intensity, and Extreme Rainfall
Events. Changes in the number of wet days from ECHAM5
and RegCM3 for the early and the late 21st century are
reported in Figures 6(a)–6(d), respectively. ECHAM5 shows
significant reduction of the number of wet days over the
Sahel and northern Gulf of Guinea during the 21st century.
Concerning RegCM3 during the first future time period, only
the south-eastern Sahel and Cameroun Mountains undergo
significant increase of wet days. For the late 21st century,
the increased number of wet days is confined only around
the Cameroun Mountains, while a large decrease is projected
allover the rest of West Africa. This pattern of the frequency
of wet days change is similar to that of the mean rainfall over
the Sahel for ECHAM5 and over the whole West Africa for
RegCM3. We thus examine the implications of such changes
in the intensity of rainfall events.
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Figure 5: The same as Figure 4 but for precipitable water.

In ECHAM5, significant increase of rainfall intensity is
projected over the Gulf of Guinea, the eastern Sahel, and
the Cameroun mountainous regions during the first future
time period and a general increase over the entire West Africa
during the late 21st century (Figures 7(a) and 7(b)). This
indicates that the future dryness in the global climate model
over the Sahel originates from a reduction of the number of
wet days, while the wetness over the Gulf of Guinea is due
to increased intensity of rainfall events. RegCM3 projections
provide mixed changes during both periods with persistent
amplified intensity shown at the peak of Guinea Highlands
and Cameroun Mountains, and northern Gulf of Guinea
(Figures 7(c) and 7(d)). This pattern suggests that the wetter
conditions over the high-elevation terrains arise from the
occurrence of more rainy days and a subsequent increase
of total rainfall intensity. The combined changes in the
frequency and intensity of rainfall events should have strong
impacts on the extremes.

The change in the 95th percentile of daily rainfall
for ECHAM5 and RegCM3 during both time periods is
displayed in Figures 8(a)–8(d), while the corresponding
change in the highest one-day precipitation is presented
in Figures 9(a)–9(d). In ECHAM5 and RegCM3, the 95th
percentile and the highest one-day precipitation changes
show similar pattern and follow mostly the corresponding
total rainfall intensity expect over the northernmost part
of the Sahel which depicts a large decrease of both indices.
This indicates that the increase of total rainfall intensity in
ECHAM5 over the Gulf of Guinea and in RegCM3 over
the complex terrains is due not only to a larger number
of wet days but also to the occurrence of more extreme
rainfall events. These events have also caused the wetter
conditions found in ECHAM5 (RegCM3) projections over
the regions encompassing the southern Sahel and lying along
the northern Gulf of Guinea (central Gulf of Guinea) where
the frequency of rainy days was decreased.
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Figure 6: The same as Figure 5 but for the frequency of wet days.

It is thus evident that the change in the properties of
rainfall events from the regional climate model and the
driving global climate model exhibits different characteristics
and patterns of the change in frequency, intensity, and
extreme indices. In fact, while ECHAM5 shows mostly
dipole patterns, the high-resolution RegCM3 differentiates
between the low- (negative changes) and high-elevation
terrains (positive changes). To further emphasize this fact,
we present below the probability density function of daily
rainfall over some selected subregions composed by low-
elevation terrains (Sahel and central Gulf of Guinea)
and uplands (Guinea Highlands and Cameroun Moun-
tains).

3.3. Changes in the Density of Daily Rainfall Events. The
probability density functions (PDFs) of daily rainfall events

for both ECHAM5 and RegCM3 over the Sahel, Guinea
Highlands, low-elevation terrains of Gulf of Guinea, and
Cameroun Mountains for the present day, the early, and the
late 21st century periods are shown in Figures 10(a)–10(d).
In general, in ECHAM5 simulations, the rainfall density
increases with increasing GHG concentration over all the
subregions. RegCM3 does not exhibit substantial differences
between the present-day and the future daily rainfall density
over the Sahel and the low-elevation terrain of the Gulf
of Guinea. However, over the complex terrains of Guinea
Highlands and Cameroun Mountains, it is noticeable that
the regional climate model projects more intense rainfall
events. Therefore, similarly to the frequency, intensity, and
extremes, the density of rainfall events corroborates the
contrasting climate change signal found over the high-
elevation terrains with respect to the low-elevation areas.
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Figure 7: Same as Figure 6 but for the intensity of wet days.

This reveals a regulation of the changes in the daily and
extreme rainfall events by the topographical features better
resolved in RegCM3. We thus investigate the way the Gulf of
Guinea orography alters the response of uplands to the West
African climate change.

3.4. Changes in Vertical Motion and Low-Level Moisture
Convergence. Figures 11(a) and 11(d) show the longitude-
height cross-section of the specific humidity and the over-
lapping Lagrangian tendency of air pressure (omega) over
the Gulf of Guinea (averaged between 4 and 10◦N) during
the present day for ECHAM5 and RegCM3, respectively.
In both models, vertical motion occurs along the entire
zonal band with stronger core above the mountainous
regions of Guinea Highlands and Cameroun. The humidity
is larger in the lower levels but decreases gradually with
altitudes and reaches values that are less than 1 g/kg above

450 hPa. The atmospheric moisture mostly increases with
GHG concentration; however, the high percentage at the
upper troposphere during the future is certainly amplified
by the presence of very low values of specific humidity
during the present day there (Figures 11(b), 11(c), 11(e), and
11(f)). In ECHAM5, the changes in omega indicates elevated
vertical motion at all levels between 10◦W and 20◦W (i.e., the
western Gulf of Guinea) during both future time periods. At
the end of the 21st century, such increasing vertical motions
are extended along the entire Gulf of Guinea and at the
midlevels. In RegCM3, the deepening of the vertical motion
core and the subsequent larger specific humidity at the
midlevels are only projected above the mountainous areas of
Cameroun. This indicates that while ECHAM5 smoothes it
along the entire Gulf of Guinea, the high-resolution regional
climate model favours elevated atmospheric instability and
moisture only above high-elevation terrains. We should
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Figure 8: The same as Figure 7 but for the 95th percentile.

emphasize that this difference is due to the fact that the
topographical features are better resolved by the regional
climate model. This is consistent with the disparities found
in the pattern of rainfall changes shown by the driving global
model with respect to the nested model. In fact, forced
mechanical lifting of the air mass due to mountains leads
to cooling of the air column, resulting in condensation and
precipitation. More mechanisms in the association between
orography and precipitation have been reviewed by Roe [40].
All of them are processes that affect not only the initiation
but also the intensification of precipitation. Therefore, the
changes in omega and specific humidity appear to explain
the alteration of the West African climate change by high-
elevation terrains. The reasons of such behaviour may be
related to the moisture flux convergence.

Given that the maximum increase of vertical motion
is mostly centered around 700 hPa, we show in Figures
12(a)–12(f) the 700 hPa moisture flux convergence for
ECHAM5 and RegCM3 during the present day, the early,
and the late 21st century, respectively. Both models exhibit
a dipole pattern consisting of a continental moisture flux
convergence in the Gulf of Guinea and the southern Sahel
and divergence in the regions above. In ECHAM5, the
convergence (divergence) amplifies with increasing GHG
concentration along the entire Gulf of Guinea (the Sahel and
the Sahara). However, in RegCM3, although the divergence
is increased, the convergence does not show any substantial
discrepancies between the different time periods along
the Gulf of Guinea except around Cameroun Mountains.
Therefore, the strengthening of the vertical motion core in
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Figure 9: The same as Figure 8 but for the highest one-day precipitation.

RegCM3 (ECHAM5) during the future time periods is due
to intensification of the low-level moisture flux convergence
around mountainous areas of Cameroun (entire Gulf of
Guinea).

4. Summary and Conclusion

In this paper, projections from a regional climate model
and the driving global climate model for two future time
periods are assessed and intercompared over West Africa.
In particular, we investigate how the high-elevation terrains
alter the response of the atmospheric water cycle and extreme
rainfall events to the increasing GHG concentration.

In RegCM3, the low-elevation regions, specifically the
Sahel and the central Gulf of Guinea, undergo a drying
under global warming conditions, while complex terrains
such as Cameroun Mountains and peak of the Guinea

Highlands exhibit wetter conditions during both periods
compared to the present day. This contrast between high-
and low-elevation terrains is not shown in the global model
projections. In fact, that latter projects wetter climates along
all the Guinea Coast and drier climates in the Sahel. This
smoothing of the climate change signal is believed to be
caused by the coarse resolution of the GCM which does not
properly resolve the surface heterogeneity such as complex
terrains.

Similar changes are found in the other components of the
hydrological cycle. In fact, the wetter conditions projected
in the uplands (Guinea Coast) by RegCM3 (ECHAM5)
are accompanied by an increase of evaporation and pre-
cipitable water indicating a strengthening of the water
vapour feedback and an intensification of the atmospheric
hydrological cycle. No significant changes are found for the
total soil moisture content over these regions suggesting that
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Figure 10: Probability density functions of daily rainfall over (a) the Sahel, (b) the Guinea Highlands, (c) the low elevation terrains of
Gulf of Guinea, and (d) the Cameroun Mountains from ECHAM5 (solid lines) and RegCM3 (dashed lines) during the summer season
(June–August) of the present day (green lines), the early (blue lines), and the late (violet lines) 21st century.

precipitation change drives the evaporation change. Changes
in the frequency, the total intensity, the 95th percentile, and
the highest one-day precipitation follow mostly the change
in mean rainfall climatology. Therefore, the amplification
of the hydrological cycle occurs mostly as a consequence
of more frequent, dense, and intense rainy days leading
to overall larger total amount. These characteristics of the
rainfall events are also shown by the ECHAM5 but along
the entire Guinea Coast, while RegCM3 confines them only
over the high-elevation terrains. It is thus evident that surface

orography regulates the changes of the daily and extreme
rainfall events.

To emphasize the dynamics that bring about such
changes, we examine the differences between the future
and the present-day periods in the Lagrangian tendency
of air pressure, characterizing the vertical motion, and in
the low-level moisture flux convergence over the Gulf of
Guinea. The global climate model projects a strengthening
of the vertical motion over the western Guinea Coast
during the first time period and along the entire Gulf of
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Figure 11: Mean summer (June–August) longitude-height cross-section of specific humidity (g/kg) and overlapping omega (10−3 Pa/s) from
ECHAM5 (upper) and RegCM3 (lower) during the present day (left), the difference between early 21st century and the present day (middle),
and the difference between late 21st century and the present day (right). Negative contours represent regions of ascent, and positive contours
are regions of descent.

Guinea during the late 21st century. However, in RegCM3
projections, the vertical motion core deepens only above
the mountainous region of Cameroun suggesting more
atmospheric instability which favours increased rainfall. The
deepening of this ascent results from a intensification of the
low-level moisture flux convergence during the two future
time periods around the orographic regions of Cameroun.
Therefore, in ECHAM5 (RegCM3) projections along the
Gulf of Guinea (Cameroun Mountains), increase of the
moisture flux convergence induces elevated vertical motion
favouring more atmospheric instability which amplifies
the hydrological cycle during the future time periods.
We should note that this fine-scale topography shaping

the response of large-scale dynamics and the subsequent
rainfall and extremes to the increasing GHG concentra-
tion is only evident using the resolution regional climate
model.

This highlights the need to use regional climate models
to dynamically downscale global climate model output in
order to provide future regional and/or local climate change
information required for suitable impact studies over West
Africa. However, this needs to be tested using ensembles of
regional and global climate models before drawing any firm
conclusion. The coordinated regional climate downscaling
experiment framework (CORDEX, [41]) will then offer this
opportunity.



14 International Journal of Geophysics

20 N

10 N

EQ

20 W 10 W 0 10 E 20 E

−10 −8 −6 −4 −3 −2 −1−0.50.5 1 2 3 4 6 8 10

(a) ECHAM5 700 hPa moisture conv. 1981–
2000

20 N

10 N

EQ

20 W 10 W 0 10 E 20 E

−10 −8 −6 −4 −3 −2 −1−0.5 0.5 1 2 3 4 6 8 10

(b) ECHAM5 700 hPa moisture conv. 2031–
2050

20 N

10 N

EQ

20 W 10 W 0 10 E 20 E

−10 −8 −6 −4 −3 −2 −1−0.50.5 1 2 3 4 6 8 10

(c) ECHAM5 700 hPa moisture conv. 2081–
2100

20 N

10 N

EQ

20 W 10 W 0 10 E 20 E

−10 −8 −6 −4 −3 −2 −1−0.5 0.5 1 2 3 4 6 8 10

(d) RegCM3 700 hPa moisture conv. 1981–
2000

20 N

10 N

EQ

20 W 10 W 0 10 E 20 E

−10 −8 −6 −4 −3 −2 −1−0.5 0.5 1 2 3 4 6 8 10

(e) RegCM3 700 hPa moisture conv. 2031–2050

20 N

10 N

EQ

20 W 10 W 0 10 E 20 E

−10 −8 −6 −4 −3 −2 −1−0.5 0.5 1 2 3 4 6 8 10

(f) RegCM3 700 hPa moisture conv. 2081–2100

Figure 12: Mean summer (June–August) low-level moisture flux convergence from ECHAM5 (upper) and RegCM3 (lower) during the
present day (left), the early (middle), and the late (right) 21st century. Units are expressed as s−1. Positive shades represent convergence,
while negative shades define divergence.
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Observations from the NASA 10 cm polarimetric Doppler weather radar (NPOL) were used to examine structure, development,
and oceanic transition of West African Mesoscale Convective Systems (MCSs) during the NASA African Monsoon Multidis-
ciplinary Analysis (NAMMA) to determine possible indicators leading to downstream tropical cyclogenesis. Characteristics
examined from the NPOL data include echo-top heights, maximum radar reflectivity, height of maximum radar reflectivity,
and convective and stratiform coverage areas. Atmospheric radiosondes launched during NAMMA were used to investigate
environmental stability characteristics that the MCSs encountered while over land and ocean, respectively. Strengths of African
Easterly Waves (AEWs) were examined along with the MCSs in order to improve the analysis of MCS characteristics. Mean
structural and environmental characteristics were calculated for systems that produced TCs and for those that did not in order
to determine differences between the two types. Echo-top heights were similar between the two types, but maximum reflectivity
and height and coverage of intense convection (>50 dBZ) are all larger than for the TC producing cases. Striking differences in
environmental conditions related to future TC formation include stronger African Easterly Jet, increased moisture especially at
middle and upper levels, and increased stability as the MCSs coastally transition.

1. Introduction

Tropical cyclone (TC) lifecycles vary in duration, location,
and human impact, but in general, TCs follow a similar
progression from genesis, intensification, maturity to even-
tual decay. Mature systems often receive much attention
due to their potential human impact, but one aspect of the
TC lifecycle that remains difficult to predict is genesis. For
many cases over the North Atlantic basin, tropical storms
and hurricanes form as a direct result of African Easterly
Waves (AEWs) and associated Mesoscale Convective Systems
(MCSs) moving off the West African coast during the African
monsoon season [1, 2]. On average, AEWs that move off the
coast are found to produce TCs on the order of 15–20% of the
time across the Atlantic basin [1, 3]. While Hopsch et al. [4]

found that these numbers are true in the Main Development
Region [5–8] during the early and later parts of the tropical
cyclone season, they also found that the relationship between
TC genesis and AEWs during the peak of the season (late
August and September) is as high as 40%. In contrast, Avila
[9] mentions that there is no correlation between the number
of AEWs and the number of TCs that develop over the North
Atlantic basin, but Landsea [10] notes that 58% of tropical
storms and weak hurricanes (categories 1 and 2) and over
80% of intense hurricanes (categories 3 and higher) originate
from AEWs.

These AEWs tend to originate and propagate across the
Sahel region of Africa, which is bounded by the Sahara
Desert to the north and tropical rainforests to the south.
The dynamics behind AEW formation are dependent on
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several factors. Two of these factors are the African Easterly
Jet (AEJ) and the low-level monsoon flow, both of which
are instrumental to the formation and strengthening of
AEWs in the Sahel [11, 12]. The Intertropical Convergence
Zone (ITCZ) has been found to have a large impact on the
formation of the AEJ, thus affecting AEW formation and
progression [13]. For more information on the flow patterns
over the Sahel and their relation to precipitation and AEW
formation, see papers by Kanamitsu et al. [14], Chen [15],
Lamb [16], Chen and van Loon [17], Fontaine et al. [18],
Cook [11], and Diedhiou et al. [12].

As the synoptic flow of the AEJ and low-level monsoon
flow interact to produce AEWs, the AEWs also act to produce
precipitation and allow MCS formation in the Western Sahel.
The maximum amount of precipitation across the Sahel
occurs during the months of August and September, which
corresponds with the peak in the number of AEWs [19,
20]. A majority of this rainfall is produced by squall-line-
type MCSs [21–23]. The dynamics and orientation of AEW
are determinants of MCS generation on a synoptic level,
but Convective Available Potential Energy (CAPE) and low-
level wind shear are important for ensuring squall-line-type
formation [24, 25]. Diurnal variation can have a profound
impact on the strengths of the MCSs as well. The diurnal
variation of precipitation over land and ocean environments
in the tropics is well documented (e.g., [26, 27]). It was
found that a majority of the squall line production over land
occurred between the hours of 12 and 18 UTC. This result
has been verified by Schumacher and Houze [28] and Futyan
and Del Genio [29] through use of the Tropical Rainfall
Measuring Mission (TRMM) precipitation radar whereby
the more intense systems were able to maintain structure
through the diurnal periods.

Being able to observe these aspects of AEWs and MCSs
on a regular basis poses a potential problem to forecasting
TC genesis because of the very sparse meteorological data
networks across most of Sahelian Africa. During the summer
of 2006, the African Monsoon Multidisciplinary Analysis
(AMMA) international field campaign and NASA-AMMA
(NAMMA) collaborated to provide an observation network
of various platforms stretching from Nigeria to the Cape
Verde Islands [30, 31]. Several studies have used the NAMMA
data to examine the AEWs and MCSs moving off the African
coast (e.g., [32–35]). In addition, one of the three main
goals of AMMA-NAMMA was to determine a relationship
between AEWs and MCSs that could provide insight into
TC genesis. Several numerical modeling studies have looked
at NAMMA cases to associate AEW events with TC genesis
(e.g., [36–38]), but no studies have associated ground-based
radar depictions of MCS structure and intensity with TC
genesis. This is an area of uncertainty that requires further
investigation into how the AEWs and squall-line-type MCSs
develop and interact with each other. In many cases, there
have been strong similarities to the timing between the two,
especially with rainfall amount [12, 23, 39]. However, some
cases have shown the opposite to be true [40, 41]. Studying
the structure of precipitation from MCSs that are produced
by AEWs is an important step to better understand the rela-
tionship between these interactions and with downstream

TC formation. This study attempts to find a relationship
between the structure and environment of these MCSs as
they transition off the coast in the hopes of ultimately
providing some insights to the genesis portion of the TC life-
cycle.

The paper is organized as follows. Section 2 describes the
data used in the study. In Section 3, the methodology used in
the analysis is presented. Section 4 provides the results of a
composite analysis of several AEW-MCS cases, and Section 5
presents the summary and conclusions to the study.

2. Data Description

The NAMMA field program utilized a variety of different
observation platforms. For a description of all platforms
used during NAMMA, consult Zipser et al. [31]. The key
instrument used in this study is the NASA polarimetric
Doppler weather radar (NPOL). Structures of observed
MCSs were diagnosed with the data gathered by NPOL.
The other observations used in the analysis are from the
radiosonde measurements collected from the site near NPOL
east of Dakar, Senegal, and at the Dakar launch site. The
European Centre for Medium-Range Weather Forecasts
(ECMWF) provided synoptic scale data in the form of the
ERA-Interim Reanalysis as a means of validating some of the
conclusions inferred through the analysis of the NAMMA
dataset [42, 43].

2.1. NASA Polarimetric Doppler Weather Radar Data. NPOL
is an S-Band, dual-polarized Doppler radar that was used
to observe precipitating systems in the region near Dakar,
Senegal. The radar was located near the village of Kawsara,
Senegal (14.657◦ N, 17.098◦ W), which is approximately
40 km southeast of Dakar. NPOL was operational from 21
August 2006 through 30 September 2006 and was configured
to scan at a maximum range of 270 km when scanning in
a low-level Plan Position Indicator (PPI) surveillance mode.
The surveillance scans were used to observe precipitating
systems located at relatively long distances from the radar
location. NPOL also sampled in a radar volume scan mode
with 19 elevation tilts out to a maximum range of 150 km.
These volume scans were repeated in 15 minute intervals.
A map of western Senegal showing the location of NPOL
is provided in Figure 1. Precipitation signatures of 19 MCS
events were recorded with NPOL, but due to the scope of
this work, only eight cases, which are mentioned in Table 1,
were chosen for further study. As in Table 1 and hereafter,
cases that produced tropical cyclones will be referred to as
TCP and those that did not as NTCP.

2.2. Radiosonde and Sounding Data. Radiosondes launched
from Dakar and the NAMMA site in Kawsara, Senegal, were
used to assess environmental conditions such as instability,
wind shear, and tropospheric moisture content. Referring
to Figure 1, the location of the Kawsara site is near the
position denoted by “NPOL.” The Kawsara radiosondes were
launched by representatives of the University of Virginia
and Howard University at a variety of times. A total of 72
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Table 1: Events selected for analysis are presented, and the parameters listed include the system type (TCP or NTCP), the date of NPOL
observation, the time span in universal time, and the radiosondes that were launched during each of the cases. TCP (NTCP) refers to systems
that produced (did not produce) tropical cyclones. The emboldened cases represent the most representative events for each case type.

System Type Date (YYYY/MM/DD) Time Span (UTC) Radiosonde launches (UTC)

TCP 2006/08/29 1100–1400
2006/08/28 1731
2006/08/29 1740
2006/08/30 0530

TCP 2006/08/31 0600–1300
2006/08/31 0000
2006/08/31 1152
2006/08/31 1806

TCP 2006/09/01-2006/09/02 2200–0500
2006/09/01 1702
2006/09/02 0017
2006/09/02 0511

NTCP 2006/09/07-2006/09/08 1600–1000
2006/09/07 0000
2006/09/07 2333
2006/09/08 1152

TCP 2006/09/11 0800–1500
2006/09/11 0102
2006/09/11 0549
2006/09/11 2207

NTCP 2006/09/13-2006/09/14 1800–0800
2006/09/13 1738
2006/09/13 2205
2006/09/14 1020

NTCP 2006/09/22 1200–1800
2006/09/22 0000
2006/09/22 1200
2006/09/23 0000

NTCP 2006/09/28 0000–0600
2006/09/27 1200
2006/09/28 0000
2006/09/28 1200
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Figure 1: Map showing the sampling region of NPOL. The range
rings are in 50 km intervals. Various Senegalese cities are shown
along with the location of NPOL to provide a frame of reference.

radiosondes were successfully released between 19 August
and 16 September 2006. As many as six radiosondes could be
launched in a 24-hour period, and a decision to launch was
usually related to weather in the proximity of NPOL in order
to capture conditions prior to, during, and after a convective
event. Additional radiosondes were launched in conjunction
with TRMM satellite overpasses. Dakar radiosondes were
used in place of NAMMA radiosondes when the latter were

unavailable, but these data have a lower vertical resolution.
Only 17 of the 72 atmospheric soundings from NAMMA
data set were used for this study, and seven were used
from the Dakar location. The temporal aspects of these data
are listed in Table 1. The Kawsara radiosonde data were
provided by the Global Hydrology Resource Center (GHRC)
at the Global Hydrology and Climate Center in Huntsville,
Alabama.

2.3. ECMWF ERA-Interim Reanalysis Data. The ECMWF
ERA-Interim Reanalysis data were useful for validating the
hypothesis that MCSs form due to the dynamics of the
AEWs propagating westward across the tropical latitudes of
Africa. Also, the ECMWF ERA-Interim Reanalysis data were
used to determine how AEWs may impact TC formation.
By analyzing meridional winds at 700 hPa, AEW troughs
can be identified [1, 12, 44, 45]. The ECMWF ERA-Interim
Reanalysis data were examined for periods that were centered
on the times of each MCS event, and most of these data
are examined prior to, during, and after a convective event
similar to that of the radiosondes.

The AEJ was an important synoptic feature to consider
for this study due to its effect on AEW formation. Because the
location and strength are the most important information
to be gained from this data and because the AEJ is mostly
a zonally oriented jet, the zonal wind component is a very
useful field to help locate the position and strength of
this jet. It should also be noted that during the AMMA
campaign, radiosondes were assimilated into the ECMWF
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analyses and forecasts, providing a more accurate structure of
the AEJ in the reanalysis [46]. To obtain information on the
location and strength of the AEJ, the ECMWF ERA-Interim
Reanalysis 600 hPa zonal component wind field was used.
Due to the variations in the height of the jet, it may be better
to get a layer average of the zonal winds. However, the vertical
resolution of the ECMWF ERA-Interim Reanalysis dataset
prevents the use of this technique. Based on previous work
by Cook [11] and Chen and van Loon [17], 600 hPa is likely
the best level at which to attain information about the AEJ.

The derived equivalent potential temperature anomalies
(Δθe) through the vertical column and at specific heights
were necessary for determining certain characteristics of the
synoptic environment. The Δθe field can be used to deter-
mine areas with moisture convergence, which provides a
better understanding of the moisture in the synoptic envi-
ronment. The Δθe was derived using air temperature data
and the relative humidity between 1000–300 hPa. Total pre-
cipitable water (TPW) was also derived using the ECMWF
ERA-Interim Reanalysis data set in order to validate the
column moisture prior to, during, and after a convective
event. The dates and times of selection were the same as the
other ECMWF ERA-Interim Reanalysis data sets.

3. Methodology

3.1. NASA Polarimetric Doppler Radar Methods. AEW-MCS
TCP events were identified using information provided
by the National Oceanic and Atmospheric Administration
(NOAA) National Hurricane Center (NHC) website. Three
named systems (Florence, Gordon, and Helene) were asso-
ciated with four of these cases. More specific information
about these storms can be obtained at the NHC archive
located at the website: http://www.nhc.noaa.gov/2006atlan
.shtml.

The selection of the NTCP systems was limited by the
fact that only four easterly waves developed into TCs over
the Atlantic Ocean during the time period from late August
until the end of September. In order to develop a fair com-
parison, cases that were of similar form and strength relative
to the TCP cases but did not produce TCs were chosen.
The remainder of the 19 cases could have been used in this
comparison process, but it was decided that comparing only
the cases that did not produce TCs yet had similar structure
and organization to the TCP cases would be most beneficial
to the goals of the study. The definition for squall-line-type
organization is based on the discussion provided by Houze
[47] and Glickman [48]. Houze [47] mentions that as squall
lines progress, there is a period of intensification lasting for
several hours, during which time the squall line begins to
expand in length. At the squall line’s maturest stage, there
should be a significant leading convective region along with
a trailing stratiform region that on average should equate to
100 km across. These constraints were applied to the cases
examined during NAMMA to eliminate events that would
not compare well to the TCP cases. In addition, a mature,
linearly organized squall line would need to propagate
through the domain for a minimum period of two hours to
be considered as a relevant NTCP case as these systems are

more likely to be the most similar to the TCP cases. Of all the
NTCP cases, only four meet these criteria. For this study, the
best overall TCP case was the 01-02 September event due to
its structural development. The best NTCP event occurred
on 13-14 September due to similar structural qualities to
the selected TCP case. While these were the best squall-line
representations for each event type, the eight cases listed in
Table 1 will be discussed in more detail.

For these MCS events, NPOL volume scans were mapped
to a 2 km horizontal resolution Cartesian grid and contain
data up through 18 km with vertical cross-sections perpen-
dicular to the main convective line. Constant Altitude Plan
Position Indicator (CAPPI) and cross-section products were
created every 15 minutes through the entirety of each event
as well. Echo-top heights, maximum radar reflectivity, and
height of the maximum reflectivity were retrieved during
this process. The maximum reflectivity and height were
defined by the largest reflectivity value within the volume
and the height at which the reflectivity maximum occurred.
If there was more than one location of the same maximum
reflectivity, the location at the highest height was used in
the analysis. The echo-top height was determined to be the
highest altitude of any recorded radar reflectivity >20 dBZ
within the profile of maximum reflectivities. Intensities
of the MCSs were then primarily determined by periods
when the maximum reflectivity and height had their largest
values. For these quantities, mean values were created for
the most intense period for all TCP cases and for all NTCP
cases.

With the limited number of cases being analyzed, tradi-
tional statistical methods for discriminating between events
using NPOL observations are limited as well. However, a sta-
tistical application that is used in this study is the Contoured
Frequency by Altitude Diagram (CFAD), which was first
outlined by Yuter and Houze [49]. When using only cross-
sections or maximum reflectivity profiles, it is sometimes
hard to distinguish the importance and effect of convective
and stratiform precipitation. CFADs eliminate this uncer-
tainty and provide a more sophisticated method of viewing
the evolution of precipitating systems. To compare the eight
MCS events, average convective and stratiform CFADs were
created for periods one hour prior to, during, and one hour
after the most intense period of convection. Convective and
stratiform regions are defined according to Steiner et al. [50],
which is based on indentifying convective centers through a
three-step method. The following discussion is a summary
of the convective and stratiform algorithm. At an altitude of
three kilometers, any reflectivity value greater than 40 dBZ is
considered a convective center. If there are any values within
an 11 km radius of each convective center with a reflectivity
value greater than the background of that area, these are
also listed as convective. Any reflectivity within a background
intensity-dependent radius is also considered convective. All
other reflectivity values are considered stratiform. Because
land/ocean transitions are of interest as well, mean convective
and stratiform CFADs were created for the eight cases for
land and ocean environments. Within the CFADs, the mean
reflectivity (in dBZ) was computed at every kilometer in the
vertical up to 10 kilometers. The basic principles of CFAD



International Journal of Geophysics 5

development are expressed mathematically in Appendix A of
Yuter and Houze [49].

3.2. Radiosonde and Sounding Methods. For analysis of the
soundings, several parameters were computed and statisti-
cally analyzed to enable relevant comparisons between the
TCP and NTCP systems for times prior to, during, and after
MCS movement through the domain. As with the NPOL
methods, composited soundings were created for these three
time regimes for both case types. General stability param-
eters, such as CAPE and CIN, were calculated using RAOB
sounding software. These stability parameters were then used
to calculate Bulk Richardson number following the equation
given in Bluestein [51]. According to Lenouo et al. [52],
CIN is not a reliable stability measure in the Sahel due to
the low LCL heights. Less emphasis was placed on CIN
results due to this observation. Calculations of the dewpoint
depression with increasing height were found for the com-
posite soundings used in this study. Statistical comparisons
were made between various atmospheric levels, including
1000–850 hPa, 850–600 hPa, and 600–400 hPa. Similarly to
dewpoint depression, speed and directional vertical wind
shear were calculated through the atmospheric column. In
the numerical calculations, this parameter was computed
from the surface up to 150 hPa. Similarly to the dewpoint
depression, statistical comparisons were made at several
levels within the column.

In addition, radiosonde relative humidity data were used
to verify dewpoint temperature depression results and to
compare relative amounts of moisture in the atmosphere.
According to LeMone et al. [53], long-lived and well-devel-
oped tropical MCSs are formed in environments that have
relatively high relative humidity values from the boundary
layer to about 500 hPa. With this in mind, relative humidity
was assessed and compared in a similar manner to the
dewpoint depression calculations. To assess the height of the
boundary layer, a more reliable parameter than relative hu-
midity to use is the virtual potential temperature (θv).
According to Stull [54], the virtual potential temperature
is a useful parameter for finding the top of the boundary
layer because the value changes abruptly at the boundary
between two layers, such as the boundary layer and the free
atmosphere. Definitions of virtual potential temperature and
virtual temperature, which are needed to calculate virtual
potential temperature, can be found in Rogers and Yau [55].

3.3. ECMWF ERA-Interim Reanalysis Methods. Several of the
parameters computed in this study are derived from the
ECMWF ERA-Interim Reanalysis dataset and are described
in this section. They include tracking strengths and locations
of AEW troughs using 700 hPa meridional wind anomalies,
AEJ characteristics using the 600 hPa zonal winds and
anomalies, TPW, and equivalent potential temperature (θe)
anomalies. Detailed information about the ECMWF ERA-
Interim Reanalysis dataset is discussed by Dee et al. [42].

For the ECMWF ERA-Interim Reanalysis dataset, which
is provided every six hours, times were chosen to fully
represent the environment prior to, during, and after a
convective event. Time averages were used to account for this

examination scheme so as to fully represent each relative time
instead of using a single snapshot. For the times prior to the
examined events, 18 hours were used up to six hours prior
to the center time of the event. During and after the convec-
tive event, 12-hour time spans were used. Anomalies were
also calculated over these three time periods for each case
type as a way to identify differences. These anomalies are
determined by calculating a monthly mean and then com-
puting differences relative to this mean for each designated
time. In addition, the events are also presented as Hovmoller
diagrams of 600 hPa zonal winds over a span of three days
for the two most representative cases for each system type.
Detecting the areas where the jet was strongest was com-
pleted by looking for maxima of easterly winds (most nega-
tive zonal winds). This parameter was mainly used to point
out differences in the general flow over West Africa at the
times prior to, during, and after MCS progression through
the domain. 700 hPa meridional wind anomalies were also
calculated to determine the difference in strengths of the
AEW troughs. These were calculated similarly to the 600 hPa
zonal wind anomalies.

The other parameters evaluated in the study are equiva-
lent potential temperature anomalies and TPW. Equivalent
potential temperature anomalies were calculated between
1000–300 hPa and are averaged as mentioned previously.
These anomalies were examined to provide additional infor-
mation regarding moisture and instability of the atmosphere
[55]. Higher θe values imply more moisture presence, and
thus, these values are usually highest at the lowest heights
where large amounts of moisture are located. For this study,
θe is calculated using equation (38) from Bolton [56].
Anomalies of this value are determined similarly to the
methods described in association with the 600 hPa zonal
wind anomalies. TPW is calculated by following its definition
given in Glickman [48]. It is also averaged over the time
periods mentioned previously.

4. Results and Discussion

Due to the number of cases used, descriptions of individual
cases will not be presented. However, a general description
of each MCS type will be provided to explore reasons as to
why the TCP cases later developed into TCs and the NTCP
cases did not. Following the event descriptions, a discussion
of the synoptic and mesoscale environmental conditions and
influences for each system type is given, providing insight
into the formation of the two MCS types. The MCS types
are then discussed by describing the results of MCS structure
and organization as determined from the NPOL data.

4.1. Brief Event Descriptions. For the TCP cases, the MCSs
tended to move into the detectable range of NPOL as inten-
sifying squall lines. These systems would quickly progress
across the area, often within one to one and half hours,
before transitioning off the coast. Once off the coast, the TCP
systems would begin to slowly lose their squall line devel-
opment and weaken in intensity. As the convective regions
moved out of the region, the stratiform portions remained
for several hours in the NPOL domain.
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Figure 2: Zonal wind component (m s−1) at 600 hPa plotted over a three-day period as a function of longitude for the most representative
(see Table 1) TCP system (a) and the most representative NTCP system (b). The zonal winds have been averaged over a latitude range from
10◦ N to 20◦ N. The darker red colors indicate larger easterly wind speeds, and darker blue colors indicate weaker easterlies. The black dashed
line indicates the longitude of NPOL.

The NTCP cases produced different results in structure
and development as compared to the NTCP cases. These
MCSs began as scattered cells of organizing convection
moving into the region. Their development was much slower
compared to the TCP cases as they progressed slowly towards
the coast. Somewhat weaker and less organized squall lines
would form as they neared the coast, transitioning to the
oceanic environment usually at their most organized and
most intense stage of development. Like with the TCP cases,
moving over the ocean allowed for the convection to decrease
in intensity and produce longer-lasting stratiform precipita-
tion.

4.2. Synoptic Influences: AEJ and AEW. The environmental
aspects that led to and sustained development for the event
types described previously are needed for further under-
standing of each MCS type. Examining the effect that the
AEJ has on the formation and development of MCSs is one
important aspect for this study. As stated by Cook [11] and

Rowell and Milford [21], the location and strength of the AEJ
has a very distinct impact on AEW formation, location, and
strength. The purpose of this section is to locate the AEJ in
relation to the area where the MCS formed and to determine
if there were differences between the TCP and NTCP systems.
For an example that shows the AEJ, the 600 hPa zonal winds
are presented as a Hovmoller diagram in Figure 2 for the
strongest and most organized cases for each system type. This
figure presents the evolution of the AEJ through the lifetime
of the event with the winds averaged over the latitude range
from 10◦ to 20◦ N. In addition, Figures 3 and 4 depict the
600 hPa zonal winds and anomalies, respectively, averaged
for all TCP and NTCP events for times prior to, during, and
after MCS progression.

Figure 2 provides an insightful view of the strength of the
AEJ for two AEW-MCS events observed during NAMMA.
For the specific TCP case shown, zonal wind speeds are
in excess of −14 m s−1 at a period of 6–12 hours prior to
the convective event. During the event, wind speeds weaken
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Figure 3: 600 hPa zonal winds for times prior to, during, and after MCS event passages averaged to represent TCP (a), (c), and (e) and NTCP
(b), (d), and (f) events. Darker reds indicate stronger easterly winds.



8 International Journal of Geophysics

30N

25N

20N

15N

10N

5N

30W 25W 20W 15W 10W 5W 0

(a)

30N

25N

20N

15N

10N

5N

30W 25W 20W 15W 10W 5W 0

10

8

6

4

2

0

−8

−6

−4

−2

(b)

30N

25N

20N

15N

10N

5N

30W 25W 20W 15W 10W 5W 0

(c)

30N

25N

20N

15N

10N

5N

30W 25W 20W 15W 10W 5W 0

(d)

30N

25N

20N

15N

10N

5N

30W 25W 20W 15W 10W 5W 0

(e)

30N

25N

20N

15N

10N

5N

30W 25W 20W 15W 10W 5W 0

10

8

6

4

2

0

−8

−6

−4

−2

(f)

Figure 4: Similar to Figure 3 but for 600 hPa zonal wind anomalies. Darker blues indicate larger easterly anomalies.

slightly by 1-2 m s−1 with continued weakening 12 hours
after the event has passed the NPOL location. In relation to
the AEW, the AEJ remains strong as it moves off the coast,
increasing to values in excess of 16 m s−1 as it begins to move
over the eastern Atlantic. The NTCP case shows zonal wind

speeds 7-8 m s−1 weaker than the TCP case during the 6–12
hours prior to the convective event. As the AEW passes, the
wind speeds remain fairly constant near the NPOL location.
The AEJ begins to weaken as it moves off the coast as well,
signifying weaker easterly winds than seen with the TCP case.
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The AEJ for each system type is shown clearly in Figure 3.
Similarly to Figure 2, the 600 hPa zonal winds for the mean
TCP case are in excess of −14 m s−1 for times prior to and
during the MCS events with slight weakening after the event.
Much weaker zonal winds are found for the NTCP cases
with 4–6 m s−1 weaker winds at times prior to and during
each event and nearly 8 m s−1 less than the TCP cases after
the MCS passage. Figure 4 shows the 600 hPa zonal wind
anomalies for the same times as Figure 3. Clearly, the TCP
events experience higher negative anomalies (i.e., stronger
easterlies) with easterly winds greater than the monthly mean
by 4–6 m s−1. The NTCP cases show nearly no departure
from the monthly mean for each time period of MCS pro-
gression. Figures 2, 3, and 4 depict that the AEJ is quite a bit
stronger for the mean TCP case compared to the mean NTCP
case.

Now that the strength of the AEJ is known for the two
system types, it is important to determine the locations of
the AEW troughs associated with these events. Stronger AEJ
velocities have an increased influence on the strength of the
AEW, and based on previous discussion, the TCP systems
are likely to be associated with better developed AEWs. To
investigate this idea, mean 700 hPa meridional wind anoma-
lies are shown in Figure 5. These winds are plotted similarly
to the zonal winds in Figure 4. From the 700 hPa meridional
wind anomalies for the mean TCP case, it is clear to see
there is a wave trough that passes through the domain, but
meridional wind speed anomalies are weak for the period
6–12 hours prior to the convective event. As the trough
passes over the NPOL site, the meridional wind anomalies
increase, but by 12 hours after its passage, the northerly wind
component begins to affect the area, allowing for a weak
ridge to build over the area. However, the mean TCP panels
clearly display a strong AEW passage through the area. In
contrast, the mean NTCP case experiences weak meridional
wind anomalies in association with the respective AEWs.
Based on Figure 5, it is implied that AEWs associated with the
NTCP events are much weaker than their TCP counterparts.
Because TCP events have higher trough strengths, it reveals
that this characteristic and the stronger AEJ could have a
larger impact on the wave later forming a TC downstream.

4.3. Environmental Influences from Soundings. In this sec-
tion, several components derived from the observed sound-
ings are presented in tabular form to identify possible dif-
ferences between the two AEW-MCS types. Environmental
indices such as CAPE, 0–5 km CAPE, CIN, LFC height and
Bulk Richardson number (R) are examined to identify any
differences in stability and vertical profiles of the environ-
ment. In some cases, the dry, dusty Saharan air layer (SAL)
can extend southwards and impact the environment in which
the AEWs and MCSs propagate. However, discussion of SAL
impacts is beyond the scope of this study. A summary of the
information gathered from the radiosonde analysis is shown
in Table 2.

For the mean TCP conditions, the CAPE decreased from
a substantial 2290 J kg−1 prior to the MCS event to 555 J kg−1

after the MCS moved out of the region. The mean NTCP
event showed less decrease in CAPE where prior to MCS

propagation through the area, the CAPE was 1555 J kg−1

decreasing to 660 J kg−1 after the event passage. These trends
are not reflected in the CIN values as the mean TCP
case has lower CIN (−22 J kg−1) prior to the event and
becomes increased by −102 J kg−1 by the time the MCS
passes through the region. The mean NTCP case has higher
CIN (−73 J kg−1) before the event and then becomes more
positive by nearly 50 J kg−1 before increasing by −150 J kg−1

after the MCS passage. As mentioned previously, these CIN
results have less weight on MCS formation due to the fact
that LCL heights are very low in the Sahel region [52]. How-
ever, this confirms the idea that higher CAPE with low CIN
will more than likely produce more intense storm conditions
due to the fact that the TCP cases show more intense con-
vection and more linear organization.

Examining the mean Richardson number for each period
for both case types, the mean TCP case has more favorable
values that allow for the production of sustained strong
storms. Bluestein [51] mentions that Richardson numbers
between 30 and 40 are capable of producing strong systems
but wind shear is often too weak to produce intense storms.
It is also mentioned that values between 15 and 30 are better
indicators of long-lived strong systems, while values above
40 are less likely to produce intense storms. The Richardson
numbers found for the mean TCP case show that prior to
the MCS event, there is a good possibility of strong systems
moving through the area, and during the event there is an
even greater likelihood of strong, long-lived systems in the
area. The mean NTCP Richardson numbers reveal that while
CAPE is increasing, the likelihood of producing very strong,
long-lived systems is low. Even though the NTCP MCSs
gained CAPE before and during the propagation of the MCS,
the maximum amount of CAPE determined from the data
was too weak to produce conditions similar to the mean
TCP case. These results show that much stronger, long-lived
MCSs are predicted by the soundings for the mean TCP case,
hinting that these types of systems may be more suitable for
future TC development.

4.4. Moisture Analysis. As is shown subsequently, the sound-
ing plots produced from the radiosonde data at Kawsara and
Dakar showcased some key differences between the two case
types. One associated analysis examined was the dewpoint
depressions over several pressure ranges. Mid-level dewpoint
depressions were calculated between 600 and 400 hPa. Low-
level and surface level ranges were calculated between 850
and 600 hPa and surface to 850 hPa, respectively. Averages
of the dewpoint depression along with statistical significance
based on a Student’s t-test at 95% were calculated for
each range for soundings prior to, during, and after MCS
propagation through the domain. Table 3 shows the results
of these calculations.

For the mean TCP case, the average dewpoint depression
prior to MCS progression through the domain within the
600 hPa to 400 hPa range is−9.2◦C, whereas the mean NTCP
case is−11.3◦C over this same pressure range. This difference
shows that the atmospheric layer from 600 hPa to 400 hPa
was drier for the mean NTCP case, and this difference is
statistically significant at 95% confidence level. At low levels,
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Figure 5: Similar to Figure 3 but for 700 hPa meridional wind anomalies. Darker blues indicate stronger southerly anomalies.
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Table 2: Mean environmental indices prior to, during, and after MCS progression through the NPOL domain for each case type. LL indicates
low-level and in this circumstance is a 0–5 km value. R is the Bulk Richardson number.

CAPE (J kg−1) LL CAPE (J kg−1) CIN (J kg−1) LFC hgt (km) R

Pre-MCS

TCP 2290 335 −22 0.6 21.9

NTCP 1555 250 −73 2.0 23.2

During-MCS

TCP 1549 276 −83 2.6 15.9

NTCP 1899 407 −22 1.5 42.5

Post-MCS

TCP 555 157 −124 2.3 42.1

NTCP 660 164 −152 2.5 14.7

Table 3: Mean dewpoint depression at three levels (1000–850 hPa,
850–600 hPa, and 600–400 hPa) for mean soundings prior to,
during, and after MCS progression through the domain for each
case type. Statistical significance of these values at 95% based on a
student’s t-test is also indicated.

Before MCS
(◦C)

During MCS
(◦C)

After MCS
(◦C)

600–400 hPa

TCP −9.23 −9.07 −4.00

NTCP −11.31 −11.11 −11.06

Stat. Sign. 95% Yes Yes Yes

850–600 hPa

TCP −7.24 −5.64 −3.96

NTCP −6.36 −5.46 −7.04

Stat. Sign. 95% Yes Yes Yes

1000–850 hPa

TCP −3.25 −4.06 −4.51

NTCP −6.40 −5.31 −6.37

Stat. Sign. 95% Yes Yes Yes

the mean TCP case is slightly drier than the mean NTCP
case, and this difference is also statistically significant. The
surface-layer shows a difference of just over 3◦C between the
two cases, with the mean NTCP case being the drier of the
two. This difference at the lowest layer is also statistically
significant. The values of dewpoint depression are very
similar between the two case types during the MCS events;
however, there is significant difference with this value after
the MCS passage. As shown in Table 3, the mid-levels and
low-levels are considerably drier for the mean NTCP than for
the mean TCP case, both of which are statistically significant.

As a way to further confirm the moisture results, relative
humidity (RH) and θe profiles are analyzed. The key to
this section is the correlation between strength of system
and ultimately TC formation to the average RH and θe and
how these relate to the tropical boundary layer. According
to Fitzjarrald and Garstang [57], tropical boundary layer
depth is usually found to be on the order of 600 to 900 m.
Although these results were obtained over oceanic surfaces,
they do provide a baseline for expected values over land.
Values calculated herein are provided in Table 4.

Table 4: Heights for the top of the tropical boundary layer as
calculated from θv . The heights are shown as pressure level (hPa)
and MSL height (m). BL stands for boundary layer. The first three
rows are for the mean TCP case for times prior to, during, and after
MCS progression through the region. The last 3 rows are for the
mean NTCP case for the same times as the mean TCP case.

Date—time BL—pressure level (hPa) BL—MSL height (m)

TCP—pre 910.5 892.4

TCP—during 920.2 804.7

TCP—post 927.6 738.4

NTCP—pre 920.6 801.1

NTCP—during 934.5 676.9

NTCP—post 895.3 1031.2

The boundary layer heights used here are a mechanism
by which average RH over physically relevant layers can
be calculated. LeMone et al. [53] found that for strong,
organized MCSs, the average RH from the top of the
boundary layer to 500 hPa was 80%. Figure 6 displays the RH
with increasing height for the three times for both the mean
TCP and NTCP case. In Figure 6(a), it is clear to see that
the TCP case tends to stay slightly more humid throughout
the column, especially within the boundary layer and the
middle levels. Using the ideas from LeMone et al. [53], the
mean TCP case average RH from the top of the boundary
layer to 500 hPa prior to the MCS event was 66%. This
value increases to 73% and 80% during and after the MCS
event, respectively. This increased RH is expected due to the
presence of convection and widespread cloudiness across the
area. Under the same vertical constraints, the mean NTCP
case has an average RH of 62% prior to MCS propagation
through the region. During the MCS passage through the
domain, the average RH increases to 69% before decreasing
to 61% after the squall line has moved off the coast and out
of the domain. In addition, the differences between the mean
TCP and NTCP soundings prior to and after MCS passage
are both statistically significant at the 95% confidence level.
This result is important in showing that during the MCS
progression through the study region, the mean NTCP case
encounters drier air than the mean TCP case above the
boundary layer. This idea is also seen with the mean RH
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Figure 6: Relative humidity with height for (a) prior to, (b) during, and (c) after MCS propagation through the domain. The blue line is for
the mean TCP case and the red line is for the mean NTCP case.

within the boundary layer. The mean TCP case has an RH of
88% prior to the MCS event while the mean NTCP case has
77% RH for the same time. At middle levels (600–400 hPa),
RH values are also consistently larger for the mean TCP case
with humidities increasing from 55% to 57% to 79% from
times prior to, during, and after the MCS event, respectively.
The corresponding values for the mean NTCP case are 47%,
54%, and 53%. These large differences in RH at the middle
levels of the atmosphere are statistically significant at 95% as
well.

Moisture content in the atmosphere is also examined
using equivalent potential temperature profiles and anoma-
lies. Lucas and Zipser [58] during their study of West Pacific
tropical precipitation found that strong, well-developed

systems have higher values of θe from about 300 hPa down
through the top of the boundary layer. The difference they
found through this layer was on the order of 2–5 K. Figure 7
shows θe profiles for the three times for both cases. Similarly
to Figure 6, Figure 7 shows substantially larger θe values
within the boundary layer prior to the MCS event. This
mean difference within the boundary layer is statistically
significant as well. Above the boundary layer, θe values are
closer between the two mean cases. Using the Lucas and
Zipser [58] ideas, average values were calculated from the
top of the boundary layer up to 300 hPa and these values
are provided in Table 5 along with values from the surface to
the top of the boundary layer. θe values above the boundary
layer indicate mean differences of 2.4 K, 3.4 K, and 6.9 K for
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Figure 7: Same as Figure 4 except for θe values.

times prior to, during, and after MCS passage, respectively.
While these differences are not large, Student’s t-tests for
each time reveal that the differences between the two θe
columns above the boundary are statistically significant at
the 95% confidence level. These θe values also provide proof
that there is more moisture present within the mean TCP
case.

Mean θe and TPW could also provide additional infor-
mation regarding moisture fields. It has been found that
strong MCS production increases in likelihood when there
is an influx of higher θe values [59]. If there are strong
positive anomalies of θe and TPW for a given time, the
increased moisture could signify a better chance of observing
more intense MCSs. Since TCP systems eventually produce

TCs and conceivably are more intense, one might expect to
see higher positive anomalies associated with TCP systems.
While mean θe anomalies (not shown) do not reflect this
idea, TPW anomalies shown in Figure 8 imply that larger
amounts of moisture are present in association with the
mean TCP case. In Figure 8(a), the average anomalies prior
to MCS progression through the domain are in the order
of 4.0 mm larger than the NTCP case. At times during and
after MCS progression through the domain, the TCP case
shows increased columnar moisture across the domain, while
the NTCP case experiences less columnar moisture as com-
pared with the monthly mean. Throughout the life-cycle,
the anomalies remain between 4–8 mm for the mean TCP
case, while the mean NTCP case experiences mostly negative
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Figure 8: Mean total precipitable water (TPW) anomalies for times prior to, during, and after the MCS event for the mean TCP case (a), (c),
and (e) and for the mean NTCP case (b), (d), and (f). Red values indicate positive anomalies, and blue values indicate negative anomalies.
Shading contours are every 2 mm.



International Journal of Geophysics 15

Table 5: Mean θe (using Bolton [56]) for within the boundary layer
(BL) and for above the boundary layer (BL—300 hPa). Mean θe
are provided for times prior to, during, and after MCS progression
through the study area.

Pre–MCS
(K)

During MCS
(K)

Post–MCS
(K)

TCP (BL) 357.6 356.7 351.1

NTCP (BL) 349.3 352.3 345.7

TCP (BL—300 hPa) 338.8 340.1 341.9

NTCP (BL—300 hPa) 337.3 337.9 336.5

anomalies. This analysis confirms that the mean TCP case
has higher columnar moisture content than the mean NTCP
case.

4.5. Vertical Wind Shear Analysis. Vertical wind shear is said
to be important for the development of squall lines [60–62].
Since all of the MCS events mentioned in this work produced
linear organization during their lifetimes, it is likely that most
if not all of the soundings will have significant vertical wind
shear values. Figure 9 shows the mean wind speed profiles
for both case types for times prior to, during, and after the
MCS event. Associated hodographs of these profiles are also
provided to give an idea of the directional wind shear. From
Figures 9(a) and 9(b), the AEJ is clearly depicted near 600 hPa
in the mean TCP case. These strong middle-level easterly
winds, however, are not seen with the mean NTCP case. The
wind speed maximum below 500 hPa for the NTCP case is
near 10 m s−1, while the maximum for the mean TCP case
below 500 hPa is near 18 m s−1. The mean TCP hodograph
prior to the MCS event (Figure 9(d)) reveals west-northwest-
erly winds near the surface, followed by the winds backing
with height and becoming easterly at 800 hPa, a change of
over 180◦. The mean NTCP hodograph (Figure 9(g)) shows
southwesterly winds at the surface with the winds backing
with height and becoming easterly at 800 hPa. However, the
change in wind direction at this lowest level is on the order
of 100◦. Figures 9(b), 9(e), and 9(h) show the wind speed
profiles and hodographs for times during the MCS event.
The wind speeds for the mean TCP case remain stronger than
that of the mean NTCP case through most of the atmospheric
column, with the presence of a weakened AEJ still noticeable
within the mean NTCP case. The hodographs reveal that
similarly to the sounding prior to the MCS event, the mean
TCP and NTCP cases both experience backing up to 800 hPa,
but the amount of backing is much higher for the mean TCP
case. While the importance of backing and veering is more
noticeable at middle latitudes in relation to cold and warm
air advection, storm dynamics reveal that a backing wind
profile is more favorable for long-lived intense convection in
the tropics and subtropics [51]. In this case, the mean TCP
soundings show more favorable wind shear conditions to
produce strong storms.

Calculations of the speed and directional wind shear
reveal some interesting facts about the two MCS types. Tables
6 and 7 show the 1000–800 hPa, 800–600 hPa, 600–400 hPa,
and 400–150 hPa mean wind shear values and their statistical

significance. As was previously discussed, the directional
change in the winds dynamically can help or hinder long-
lived severe storms. Table 7 confirms that strong counter-
clockwise rotation in the winds at the low levels is important
as well, proven by the intense squall lines that were produced
in the TCP events. The strong wind shear at the middle levels
in the TCP cases also helps sustain these long-lived systems.
While the mean NTCP case had rotation at the lowest levels,
the weaker turning with height acted to hinder stronger
convective development. The times prior to and during the
MCS show the most differences in wind shear and wind
profile (Figure 9) with the most important differences being
the directional shear at the low levels and speed shear at
the middle levels. These wind shear calculations provide
evidence that the wind profile in the mean TCP case is more
favorable for strong MCS development and show that these
are the type of conditions that could complement future TC
genesis.

4.6. MCS Cases Observed by NPOL. The previous sections
describe likely conditions that aided in the production of
the MCSs. The aim of this section is to describe the MCS
types in terms of organization of precipitation and vertical
development of precipitation based on the NPOL data to
identify any structural differences between the two types of
systems. As an example, Figure 10 shows NPOL CAPPI and
vertical cross-sections of radar reflectivity for the times when
the two strongest of all MCS cases were most organized
in development, meaning the time period throughout the
MCS life-cycle where the squall line was most linear in
shape. For the TCP case (Figure 10(a)), the period of the
most organized convection was also the period of the most
intense convection, meaning that the maximum reflectivity
was found at the highest altitude within the MCS. This
characteristic is not true for the NTCP case (Figure 10(b)).
With this idea in mind, the TCP system tends to be more
organized, more intense, and move more quickly through
its progression across the region. While not shown, all
TCP cases produced their most intense convection during
their most organized development, and the NTCP cases
maintained weak organization at different times than their
most intense convection.

The echo coverage area for each case is described in terms
of convective versus stratiform portions of the system. As was
mentioned in Section 3, the Steiner et al. [50] method for
determining convective areas was used to separate the two
precipitation regimes, and Figure 11 provides an example of
these two regimes at the same time as the CAPPI images in
Figure 10. As can be seen in Figure 11(a), the locations of
convective centers are much more concentrated and encom-
pass a larger area than that of the NTCP case in Figure 11(b),
both of which signify the times of greatest linear organiza-
tion. As with radar reflectivity, the convective and stratiform
separation for the TCP case tended to be higher than those
seen with the NTCP case. Figure 11 provides an example
of a better organized system that produces more intense
convection, and with more intense convection and increased
organization, there is a larger possibility of maintaining these
characteristics once the system moves over water.
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Figure 9: Vertical profiles of wind speed (m s−1) are shown in panels labeled (a), (b), and (c) with the mean TCP case represented by the
solid blue line. Corresponding hodographs of the mean TCP case are shown in (d), (e), and (f) and for the mean NTCP case in (g), (h), and
(i). The colors in the hodographs are 1000–800 hPa (dark blue), 800–600 hPa (red), 600–400 hPa (green), and 400–150 hPa (cyan). Points
increment every 50 hPa on the hodographs.

While specific examples are seen in Figures 10 and 11,
Figure 12 provides a representation of the mean area cover-
age for each MCS type in terms of convective and stratiform
precipitation for one hour prior to and one hour after
the time of most intense convection. Figure 12 is divided
into six panels showing the total area with height for the
convective region, stratiform region, and convective region
within four reflectivity thresholds. Error bars are included
and are representative of the 95% confidence level of each
area as determined by a Student’s t-test. The main convective
regions for each case type (Figure 12(a)) show very strong
similarities in area coverage up to 11 km. Above this height,
the mean NTCP case has slightly larger areal coverage of

convection with no statistical significance at each height
through 18 km. The stratiform region (Figure 12(b)) shows
some drastic differences between the two case types with the
mean NTCP case having a much larger area than the mean
TCP case through 10 kilometers followed by similar coverage
between the two cases above this height. Looking specifically
at the convective regions, both cases have similar area cover-
age of reflectivities at lower heights with the mean TCP case
tending to have larger areas above eight kilometers. While
these areas are larger, they are not statistically significant. At
reflectivities >50 dBZ (Figure 12(f)), the mean TCP case has
greater coverage at heights between two and six kilometers,
but these areas are not statistically significant either. While
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Table 6: Mean wind speed (WS) shear (m s−1 hPa−1) for four levels within the atmospheric column are provided. Values are shown for the
means of each system type for pre-MCS, during MCS, and post-MCS wind profiles along with the statistical significance based on a Student’s
t-test.

1000–800 hPa 800–600 hPa 600–400 hPa 400–150 hPa

Pre-MCS WS (TCP) 0.025 0.040 −0.024 −0.037

Pre-MCS WS (NTCP) 0.021 −0.008 0.007 0.012

Stat. Sign. at 95% No Yes No Yes

Dur-MCS WS (TCP) 0.029 0.033 −0.024 −0.036

Dur-MCS WS (NTCP) 0.025 0.017 −0.014 0.021

Stat. Sign. at 95% No No No Yes

Post-MCS WS (TCP) 0.054 0.020 −0.007 −0.059

Post-MCS WS (NTCP) 0.038 0.022 −0.028 −0.004

Stat. Sign. at 95% Yes No Yes Yes
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Figure 10: Constant altitude plan position indicator (CAPPI) and associated vertical cross-section of NPOL radar reflectivity for (a)
23:46 UTC on 01 September 2006 and (b) 00:46 UTC on 14 September 2006. Reflectivity is contoured every 5 dBZ and the emboldened
line located on the CAPPI represents the location of the cross-section. The star indicates the location of NPOL. These times signify the
period of greatest organization of the respective squall lines.

these results do not show statistical significance, they do
show that throughout the MCS life-cycle, the TCP case type
has more intense convection reaching higher altitudes within
the system.

In addition to the area coverage, three characteristics
were briefly analyzed to compare vertical structure of the
MCSs, and these include echo-top height, maximum radar
reflectivity, and the height of the maximum reflectivity.
Based on the NPOL volumes that were produced, mean
profiles of the maximum reflectivity at each height level up

to 18 km were created for each time period and were averaged
for time of most intense convection, for over land, and for
oceanic conditions. Echo-top heights for the mean TCP case
for the most intense period averaged to 15.0 km, while the
average for the mean NTCP case was 15.1 km. Mean max-
imum reflectivity for the mean TCP case was 53 dBZ at an
average height of 1.6 km while the same parameters for the
mean NTCP case were 51 dBZ at a mean height of 1.5 km.
While over land, the echo-top heights for the mean TCP
and NTCP cases are 15.4 km and 15.9 km, respectively, and
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Table 7: Same as Table 6 except for directional (WD) wind shear (◦ hPa−1).

1000–800 hPa 800–600 hPa 600–400 hPa 400–150 hPa

Pre MCS WD (TCP) −1.031 0.003 −0.058 0.225

Pre-MCS WD (NTCP) −0.671 0.064 −0.025 −0.176

Stat. Sign. at 95% No No No No

Dur-MCS WD (TCP) −0.939 −0.096 0.035 0.470

Dur-MCS WD (NTCP) −0.537 0.135 0.298 −0.024

Stat. Sign. at 95% No Yes No No

Post-MCS WD (TCP) −0.464 0.118 −0.073 0.138

Post-MCS WD (NTCP) −0.300 0.055 −0.005 0.752

Stat. Sign. at 95% No No No No
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Figure 11: Convective (red) and stratiform (blue) precipitation regimes as determined through Steiner et al. [50] for same times as
Figure 10.

over the ocean, these are 15.2 km and 13.8 km, respectively.
Maximum reflectivity and height over land for the mean TCP
case is 52.3 km at 1.7 km, and while over ocean, these values
decrease to 49.8 dBZ and 1.5 km. The mean NTCP case has a
mean maximum of 51.3 dBZ at 1.7 km over land and a value
of 48.9 dBZ at 1.6 km over the ocean. These results reveal
that the mean TCP case has intense precipitation stretching
higher into the atmosphere. Also, the mean NTCP case was
slightly more vertically developed than the mean TCP case
because of the higher echo-top heights. It can be said that the
two cases have similar vertical development, but the mean
TCP case developed deeper intense convection compared to
the NTCP MCSs. Also, as the systems transition off the coast,
it can be seen that the mean TCP case maintains better ver-
tical development as well as deep convection. It is interesting
to see that while many of the cases used occurred in the

early morning hours, they still produce quite a bit of vertical
development and maintain their convective qualities for an
extended period of time [27, 63]. Despite the similarities
between the mean cases here, it does seem that the TCP cases
display better oceanic transitional structure, which could aid
in future TC genesis downstream.

4.7. CFAD Analysis. To look at the structure and strength
of these systems statistically, we utilize the use of CFADs.
Mean CFADs were created for both case types for the most
intense period and for land versus ocean environments.
The first attribute examined is the difference between the
convective and stratiform regions of each event. Figure 13
provides the mean CFADs for each precipitation regime for
both MCS types for the most intense period of convection.
The contours are plotted every five percent beginning at 2.5%
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Figure 12: Coverage areas for the various precipitation types are shown in (a) convective regime with all reflectivity values, (b) stratiform, (c)
convective with reflectivity greater than 35 dBZ, (d) convective with reflectivity greater than 40 dBZ, (e) convective with reflectivity greater
than 45 dBZ, and (f) convective with reflectivity greater than 50 dBZ. The blue line represents the mean TCP case and the red indicates the
mean NTCP case. Error bars are provided and represent the 95% significance based on a Student’s t-test.

up to 42.5% with reflectivity bins every 5 dBZ from 0 to
60 dBZ. Also, if the number of instances within a reflectivity
bin is less than two percent of the total number at that
height, the values are not included in the CFAD. Comparing
the convective portions (Figures 13(a) and 13(b)) from each
case type reveals that both system types tend to have their
highest relevant percentages below five kilometers between
40 and 45 dBZ. The mean TCP case has a broader range
of reflectivity values throughout the height of the column,
indicating that the percentages will not be as high as seen in
the mean NTCP case. The mean TCP case also has a greater
mean reflectivity of between 3–5 dBZ at each level, especially
between 1–5 km, indicating the presence of more intense
convection at higher altitudes within the systems. These

convective CFADs reveal that the mean TCP case has slightly
higher frequency of intense convection in the lowest few
kilometers of the atmosphere compared to the mean NTCP
case, and the mean TCP case has better coverage of these
stronger reflectivities at higher heights. This is indicative of
a strengthening system while the trends seen in the mean
NTCP case reveal more influence from downdrafts aloft,
which could indicate weakening of the convection.

The stratiform portion of the system (Figures 13(c) and
13(d)) shows similar circumstances between the two cases.
The largest differences are below five kilometers where the
mean NTCP case shows that percentages are greater within
the 25–30 dBZ range. However, the mean TCP case main-
tains higher percentages between 30–35 dBZ and indicates
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Figure 13: Mean CFADs for periods of most intense convection shown as (a) convective regime for the mean TCP event, (b) convective
regime for the mean NTCP event, (c) stratiform regime for the mean TCP event, and (d) stratiform regime for the mean NTCP event. The
CFADs are contoured every 5% from 2.5–42.5%. Mean reflectivity values throughout the event at each height up to 10 km are shown as well.

an increased presence of the bright band signature between
four and five kilometers. The range of reflectivity coverage
is larger for the mean NTCP case below five kilometers,
which is due to the amount of coverage of the stratiform
precipitation during the MCS event (Figure 12(b)). These
stratiform CFADs also support the idea that the TCP systems
are stronger due to the higher percentages of stronger re-
flectivities, especially near the bright band altitude.

During the oceanic transition, it was discussed previously
that both cases experience weakening and disorganization of
the squall line. The CFADs for convective and stratiform land
and oceanic conditions for both cases are presented in Fig-
ures 14 and 15 in a similar fashion to Figure 13. Examining
the mean TCP case (Figures 14(a), 14(c), and 15(a), 15(c)),
the convective and stratiform CFADs are similar between
surface types. However, within the convective CFAD, it is
possible to see the increased frequency at the upper levels and

weaker reflectivities. Also, the height of the CFAD begins to
diminish over the oceanic surface, showing that the system is
losing its vertical development. These results are both in-
dicative of weakening. The stratiform portions are also very
similar to each other, but the land condition shows more
influence from the bright band due to the larger frequencies
at heights between four and six kilometers. The mean NTCP
case (Figures 14(b), 14(d), and 15(b), 15(d)) comparison
has some similar results to the mean TCP case; however, the
frequencies within the convective CFADs are much larger
than was seen with the mean NTCP case. These higher
frequencies are likely due to the lower total number of con-
vective centers over each surface type, especially with in-
creasing height. The convective CFAD over the ocean is
noticeably thinner than that over land, encompassing a range
of about 5 dB less than that of the CFAD over land. While
the land CFAD here shows some weakening of the MCS,
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Figure 14: Mean CFADs for the convective regime over land for (a) the mean TCP event and (b) the mean NTCP event. The stratiform
regime over land is shown for the mean TCP and NTCP events in (c) and (d), respectively. CFADs are contoured by the same constraints as
in Figure 13.

the narrowing of the ocean CFAD as well as the lower slope
of the profile indicates a quickly weakening system. The key
difference between the two systems revealed through the
CFADs is that the TCP cases undergo less weakening as they
transition off the coast. The NTCP cases spend much of their
time over land developing into linear MCSs, and it is because
of this lack of organization that they quickly decreases in
strength.

5. Summary and Conclusions

African Easterly Waves and associated West African squall
lines are vital to the prediction and determination of tropical
cyclone formation over the Atlantic Ocean. Studying these
seasonal occurrences using observations from NAMMA has
provided insight into the structure and development of
several squall lines that moved off the West African coast.

Because four of these developed into TCs over the Atlantic,
the characteristics of these cases were examined and com-
pared with four similar cases that did not produce TCs
to characterize differences in structure and organization.
Through use of the NPOL radar products, coverage area was
determined within various convective and stratiform condi-
tions, and the mean TCP case was found to have more intense
precipitation, especially at heights between two and eight
kilometers. Stratiform precipitation had greater coverage on
average for the mean NTCP case mainly due to the lack
of convective locations within the MCS. Echo-top heights
also revealed that the mean TCP case was similar in vertical
development as compared to the mean NTCP case, but
larger maximum reflectivity values reached higher altitudes
during the mean TCP case. The transition from land to ocean
also revealed that the TCP cases, because they tended to be
stronger and more organized, were able to maintain their
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Figure 15: Same as Figure 14 except for oceanic environments.

convection and in some cases intense convection for a longer
period after moving over the water. NTCP cases, due to their
lack of organization and strength, failed to maintain any kind
of intensity once over the water.

When discussing the CFADs for each case, the mean TCP
system convectively showed less weakening throughout the
lifetime of the system, while the mean NTCP case showed
some areas of strong convection that likely represented local-
ized areas of intense development. The NTCP case displayed
larger relative frequencies within the higher reflectivity bins,
but these frequencies did not translate well to the upper levels
where signs of weakening were more prominent. Stratiform
precipitation also conveyed a stronger system as a whole
due to the presence of the well-represented bright band ob-
served in the CFAD. This bright band signature was not seen
as clearly in the mean NTCP CFAD despite the larger area
coverage of stratiform precipitation associated with this case.
The oceanic versus land CFADs had similar results where
weakening within the convection was found more promi-
nently with the mean NTCP case, especially as the MCS

transitioned over the ocean. Analyzing higher frequencies
over larger reflectivity ranges while the system was over land
was expected and the mean TCP case showed that it was able
to maintain this idea for a longer period of time after oceanic
transition.

Aside from the NPOL data, the NAMMA radiosonde
data that were collected at Kawsara and Dakar showed some
striking differences between the two cases. Stability indices
such as CAPE and Bulk Richardson number revealed that a
better environment was in place for a squall line to develop
and move through the region. Mean profiles of relative
humidity, equivalent potential temperature, and dewpoint
depressions show a relatively dry mid-level associated with
the mean NTCP case, whereas the mean TCP case had larger
amounts of moisture throughout the column. The drier at-
mospheric conditions increase the entrainment effects on the
convective updrafts and are a possible reason why the mean
NTCP system did not organize or have distinct development.
ECMWF ERA-Interim Reanalysis analyses of TPW and
equivalent potential temperature anomalies confirm these
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conclusions that the mean NTCP case was significantly drier
than the mean TCP case.

Wind profiles and vertical wind shear also played vital
roles in the development of the two system types. Low-level
wind shear was found within both cases, but the mean TCP
case experienced high amounts of backing through
the lowest levels. This condition is more favorable for squall
line development in the tropics and could be a contributor to
the strength and organization of the MCS. The mean NTCP
case experienced weak backing conditions, which is less
favorable for development. The wind profiles for each case
also revealed that the presence of the AEJ was an important
influence on the development of the TCP squall lines, where-
as the lack of a strong AEJ in the NTCP cases contributes to
their lack of development.

Overall, there were some obvious differences with the
structure of the mean TCP case and mean NTCP case in re-
lation to the systems and the environmental influences. Based
on the results discussed, certain conditions may be more
favorable for development and could be early signs of TC
development over the Atlantic. Strong environmental influ-
ences such as the presence of an intense AEJ and a strong
backing wind within the monsoon flow at low levels could
be critical components to strengthening and organizing
precipitation that forms in association with an AEW. Weak
wind shear at middle and upper levels is also a positive in-
fluence on the development of a strong MCS. More intense
and more organized convection determined from radar re-
flectivity could signify a greater possibility of development
once the system coastally transitions from land to ocean.
While it has been shown in this study that there were certain
characteristics that are distinctly different between the two
MCS case types, it is apparent that downstream development
is reliant on future environmental and mesoscale interac-
tions. Therefore, the conclusions from this work do not
encompass all scenarios but provide a base for furthering the
study of West African MCS as they move off the coast and
propagate downstream.
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Using a regional climate model asynchronously coupled to a dynamic vegetation model, this study examines future climate
predictions for the West Africa region and how dynamic vegetation feedback may influence such predictions. Without accounting
for the impact of vegetation dynamics, the model predicts a future decrease of annual rainfall over Sahel. Dynamic vegetation
feedback reverses this trend, leading to a substantial increase of annual rainfall. Regardless of how vegetation is treated, the
predicted future trend of precipitation in the Sahel region follows a specific seasonal pattern, with a decrease during the pre-
and early-monsoon season (May-June and early July) due to the warming-induced enhancement of spring convective barrier and
an increase after the monsoon is fully established (typically in July-August-September) due to enhanced moisture import from
a warmer ocean. Dynamic vegetation feedback reduces the magnitude of the predicted rainfall reduction in the early season and
increases the magnitude of the predicted rainfall increase later in the rainy season. The future decrease of early-season rainfall has
significant agronomic implications.

1. Introduction

Climate variability in West Africa is characterized by a
megadrought in the second half of the 20th century and
the alternating occurrence of multidecadal dry and wet
spells in recent history (e.g., the fluctuation of lake level
in [1]). While the role of large-scale oceanic forcing (e.g.,
warming of the tropical oceans and changes in the interhemi-
spheric temperature gradient) cannot be neglected [2, 3],
land surface dynamics may have played a critical role in
triggering, enhancing, and/or sustaining the megadrought
and in regulating the multidecadal climate variability of
this regional climate system. In particular, past modeling
studies have collectively documented that the climate system
in West Africa is highly sensitive to both anthropogenic land
cover changes and natural vegetation dynamics, in the past,
present, and future [4–8].

Studies on paleoclimate indicated that vegetation feed-
back plays an important role in sustaining the extended
grassland cover during the mid-Holocene and in the subse-
quent abrupt transition from a green Sahara to a desert later

during the mid-Holocene [6, 9–12]. Specifically, vegetation
dynamics enhances the response of the West African climate
system to changes in solar insolation, leading to the drastic
differences in climate and vegetation distribution between
mid-Holocene and the present day [10]. For the 20th century
climate, Xue and Shukla [4] found that desertification in the
Sahel region (in the form of land cover change from natural
vegetation to desert) causes a decrease of precipitation that
resembles the megadrought observed in the Sahel region
from the late 1960s on; Wang and Eltahir [5] found that
feedback from natural vegetation dynamics enhances (and
sustains) the impact of both oceanic forcing and man-made
desertification in causing the 20th century Sahel drought.
Feedback due to natural vegetation dynamics also acts as a
damper to the climate system, enhancing the multidecadal
variability of precipitation in the Sahel region [1, 13–
16]. Thus, contributions of vegetation dynamics warrant
consideration in simulations of future climate. Paeth et al.
[7] carried out regional climate predictions up to the year
2050 forced with future CO2 concentration and land use
changes for A1B and B1 emission scenarios and found that
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the simulated climate response in West and Central Africa
is primarily dominated by a drought caused by land use
changes. Although the land use change signal may become
less dominant if the prediction was done for a higher CO2

concentration (e.g., for the A2 scenario or for a later stage of
the century), their study clearly demonstrated the important
role of land use as a climate change forcing. Incorporating
natural vegetation dynamics into a regional climate model
used for future prediction, Alo and Wang [8] found that
natural vegetation feedback leads to a significant increase of
future precipitation in most of West Africa.

The strong water dependency of the socioecological
system in West Africa and the fragility of food security in
the region make it extremely vulnerable to climate changes.
However, predictions for precipitation changes in the 2nd
half of the 21st century (mostly from atmosphere-ocean
general circulation models (AOGCMs)) in the West and
North Africa are highly model dependent and lack any gen-
eral consensus [17]. To specifically address this uncertainty
in future predictions, Patricola and Cook [18] generated
an ensemble of future predictions for this region using a
regional climate model driven with seas surface temperature
and lateral boundary conditions from nine AOGCMs and
found a relatively good agreement among different ensemble
members despite the lack of consensus among the driving
AOGCMs. For West Africa, their regional model predicts
a generally wetter condition with the exception of a mid-
season drought in June and July.

Crop productivity in the Sahel is limited not only by the
amount of precipitation during the rainy season but more
importantly by the length of the growing/rainy season. In
most of the Sahel belt, the length of the rainy season is
less than three months. Although the preonset rainfall can
amount to a few millimeters on some days, it is scattered and
cannot provide reliable source of water for agriculture. The
optimal planting time for crops is found to occur within a
few days of the large-scale monsoon onset time [19], which
is defined as the sudden shift of the ITCZ maximum from
around 5 N to around 10 N [20]. Based on projections from
multiple general circulation models (GCMs), it was found
that most monsoon systems in the 21st century (West Africa
monsoon included) will experience a change in precipitation
seasonality, with a precipitation decrease in spring/early
summer and an increase in late summer/early fall [21, 22].
However, due to the coarse spatial resolution used, most
GCMs cannot simulate the sudden onset of the West African
monsoon, an important feature of the seasonal variability of
this regional climate [23]. Regional climate models (RCMs)
have a much better performance in capturing the sudden
monsoon onset [24]. Given the strong latitudinal gradient of
precipitation in West Africa and the importance of monsoon
onset for West African agriculture, it is necessary to assess
future changes of precipitation seasonality using RCMs that
have a finer spatial resolution than most GCMs.

While still uncommon among the IPCC projections,
some GCMs have included dynamic vegetation in future
prediction experiments [25, 26]. The inclusion of dynamic
vegetation in RCMs however is still at a very early stage
[27] and has not been applied to climate predictions. In a

preliminary study asynchronously linking a regional climate
model with a dynamic vegetation model, Alo and Wang
[8] demonstrated that future vegetation in West Africa will
become denser, but the vegetation composition will shift
towards more drought deciduous trees and grass at the
expense of evergreen trees. Compared with the prediction
assuming static vegetation, vegetation dynamics acts to
increase precipitation amount over most of West Africa
except for the narrow band along the coast. This current
study is based on the same set of experiments used in Alo and
Wang [8], but focuses on changes in precipitation seasonality
and monsoon onset in West Africa and how vegetation
dynamics may influence them.

2. Model and Experimental Design

The model used is the International Centre for Theoretical
Physics (ICTP) regional climate model (RegCM3) asyn-
chronously coupled to the National Center for Atmospheric
Research (NCAR) Community Land Model’s Dynamic
Global Vegetation Model (CLM-DGVM). CLM-DGVM [26]
simulates biogeophysical, biogeochemical, and ecosystem
dynamics processes at the land surface. Its biogeophysical
submodel is CLM3.0 [28, 29] and the biogeochemical and
vegetation dynamics submodels are based on the Lund-
Potsdam-Jena Dynamic Global Vegetation Model (LPJ-
DGVM) [30], with a plant phenology scheme modified
based on the Integrated Biosphere Simulator (IBIS) [31].
RegCM3 [32] is a limited-area model with a terrain-
following σ-pressure vertical coordinate system and uses
the Biosphere-Atmosphere-Transfer Scheme (BATS1E) [33]
as its land surface biogeophysical submodel. We configure
RegCM3 at 50 km horizontal resolution over a domain
spanning approximately 12◦S-24◦N and 24◦W-30◦E, with 18
levels in the vertical direction. Among the three different
convection parameterizations in RegCM3, the MIT-Emanuel
scheme [34] option is chosen based on performance over the
study domain. RegCM3 has been shown to perform well in
its simulation of precipitation over West Africa [35–37].

In the asynchronous coupling approach, CLM3-DGVM
is run at the same spatial and temporal resolutions and over
the same domain as RegCM3, but the two models alternate.
Specifically, RegCM3 is run for one year with an initial state
of vegetation, and the resulting atmospheric forcing for each
time step is saved; this saved atmospheric forcing is then read
into CLM3-DGVM to drive a transient vegetation simulation
for one year, producing an updated vegetation state for
RegCM3. This iteration continues through the duration of
the simulation. Note that this approach allows the simulation
of transient vegetation dynamics, which is different from
most other asynchronously coupled models in which an
equilibrium vegetation state is predicted for each iteration
based on the climate state simulated during that iteration
[38, 39].

The asynchronously coupled RegCM3/CLM3-DGVM
model is used to conduct two simulations, a present-
day climate-vegetation run “Present” and a future climate-
vegetation run “Future”. In addition, a future climate sim-
ulation “Future nv” is conducted using RegCM3 but with
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vegetation fixed at the present-day state (i.e., prescribed
based on output from “Present”), to facilitate quantifying
the contribution from dynamic vegetation feedback. Based
on this design, climate and hydrological differences between
“Future nv” and “Present” result from the radiative and
physiological effects of elevated CO2, differences between
“Future” and “Future nv” represent the contribution from
structural vegetation feedback, and differences between
“Future” and “Present” result from the combination of CO2

radiative and physiological effects and vegetation structural
feedback. Each of the simulations is 15-year long, and
the first five years of data is discarded as model spinup.
The initial and lateral boundary conditions as well as
sea surface temperature for RegCM3 are provided by the
NCAR global climate system model CCSM3’s IPCC AR4
simulations. Although regional climate models are known
to be sensitive to lateral boundary conditions, Patricola
and Cook [18] found a relatively high level of consensus
among predictions by a regional climate model driven with
nine different GCMs despite the lack of consensus among
these nine driving GCMs. The use of lateral boundary
conditions from a single GCM in this study is therefore not
expected to a cause too high level of uncertainty. The period
1979–1993 from the CCSM3 20C3M simulation is used for
the present-day climate, and 2079–2093 from the CCSM3
SRESA1B experiment is used for the future climate. CO2

concentration is set to 356 ppmv for the present-day climate
and 720 ppmv for future. Initial vegetation conditions for
the asynchronously coupled RegCM3/CLM-DGVM runs are
derived from CLM-DGVM long-term simulations forced
with the 1979–1993 (2079–2093) climate from the CCSM3
20C3M (SRESAIB) output under corresponding CO2 con-
centration, interpolated to the RegCM3 spatial resolution.
Based on the results of Alo and Wang [8] who examined
the vegetation distribution and future changes simulated by
CLM-DGVM driven with climate forcing from eight GCMs,
the vegetation distribution corresponding to the CCSM3
climate is the most realistic among the eight.

3. Results

When driven by initial and lateral boundary conditions
from CCSM3, the asynchronously coupled RegCM3/CLM3-
DGVM simulates the present-day precipitation pattern and
vegetation distribution reasonably well in comparison with
observations. Details about model performance in simulat-
ing the regional climate and vegetation are provided in Alo
and Wang [8]. The focus of the following analysis is on future
changes of precipitation, its seasonal cycle, the West African
monsoon onset, and on the impact of vegetation dynamics
in these predictions.

In response to the radiative and physiological effects of
elevated atmospheric CO2, RegCM3 without accounting for
vegetation dynamics predicts a decrease of annual rainfall
in most of West Africa, with an increase over a narrow
coastal band and the eastern Sahel region (Figure 1(a)).
This decrease may be partly related to the lower stomatal
conductance at higher CO2 concentration, which potentially
suppresses transpiration therefore local moisture supply.

When the dynamic vegetation feedback is included, the
predicted future drought signal is limited to part of the
Guinea Coast band only, and annual rainfall is predicted
to increase or remain about the same over most of the
Sahel (Figure 1(b)). The feedback from dynamic vegetation
leads to a substantial increase of precipitation over most
of the model domain except for the narrow band along
the coast (Figure 1(c)). These changes of precipitation are
accompanied by a northward expansion of grassland in
the north and increase of broadleaf drought-deciduous
tree coverage in the south at the expense of evergreen
trees (Figure 2). Compared with the future vegetation cover
changes predicted by CLM3-DGVM driven directly with the
CCSM3 A1B climate projection [40], the changes predicted
by the RegCM3/CLM3-DGVM system as shown in Figure 2
are significantly larger in magnitude (and therefore faster in
rate). Across most of West Africa, vegetation is predicted to
become denser (regardless of how the vegetation distribution
shifts) as a result of the CO2 fertilization effects dominating
over other factors (results not shown; see Alo and Wang [8]
for details).

Similar to present-day observations (e.g., [41]), both the
present-day and future climates in the model (black and red
contour lines in Figure 3) are characterized by substantial
amounts of rain during the preonset season followed by
the abrupt monsoon onset in late June. Following Sultan
and Janicot [20], here we define the monsoon onset as the
timing of the sudden shift of rain maximum from 5-6◦N to
8–10◦N. The monsoon onset is characterized by an abrupt
increase of rainfall at about 10◦N in late June, which is very
apparent from the contour lines in Figure 3. The monsoon
rainfall peaks in August and gradually retreats afterwards,
which are also consistent with present-day observations of
the monsoon characteristics [20].

The predicted future precipitation changes follow a
specific seasonal pattern. Over the Sahel region where
vegetation growth and crop production are limited by water,
future precipitation will decrease early in the rainy season
(during late spring/early summer) and increase later (during
late summer and early fall) (shading in Figure 3). Despite the
rainfall decrease during the preonset season, future rainfall
will become more abundant and penetrates further inland
after the monsoon is fully developed. This seasonal pattern
is similar regardless of whether dynamic vegetation feedback
is accounted for. However, vegetation dynamics does make
a difference in the magnitude of such changes. Without
accounting for vegetation feedback (Figure 3(a)), rainfall is
predicted to decrease substantially (by more than 60% in
some areas) during spring and early summer across the
region, with only minor increase later on. The decrease
of rainfall occurs to both the preonset rain and during
the peak monsoon. When vegetation dynamics is included
(Figure 3(b)), the predicted future decrease of rainfall is
much smaller and limited to primarily the preonset rain,
with a much larger increase during the peak monsoon and
the retreating phase.

These predicted changes in precipitation seasonal cycle in
the Sahel region are consistent with previous findings con-
cerning most monsoon systems based on GCM ensembles
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Figure 1: Changes in annual precipitation (in mm) simulated without dynamic vegetation (i.e., “Future nv”—“Present”), with dynamic
vegetation (i.e., “Future”—“Present”), and the contribution due to dynamic vegetation feedback (i.e., “Future”—“Future—nv”).

[21, 22]. Seth et al. [21] suggested that such changes might
be related to the enhancement of spring convective barrier
due to warming-induced drought. Figure 4 presents the
predicted future changes in troposphere stability, where the
troposphere stability is represented by the moist static energy
difference between 200 mb and 850 mb following Seth et al.
[21]. A strong increase of troposphere stability is evident
in the Sahel region during all seasons except for the active
monsoon season when the troposphere stability is weakened.
It is apparent that future climate features a stronger contrast
in troposphere stability between the wet and dry seasons.
Feedback from vegetation dynamics is found to reduce the
future troposphere stability and favor more precipitation
across all seasons, probably due to the increased specific
humidity caused by enhancement of evapotranspiration by
denser vegetation.

The changes in precipitation amount and seasonal cycle
do not seem to be related to changes in the timing of the
monsoon circulation. Using 12◦N and 15◦N as examples,
Figure 5 shows the daily time series of zonally averaged wind
and precipitation. Despite the strong decrease in the preonset
precipitation, there is no clear evidence for a delay in the
timing of zonal or meridional wind reversal. The timing of
the wind reversal in the model is remarkably robust against
future climate changes and against how vegetation is treated.
To define the monsoon onset following the established
approach of Sultan and Janicot [20], that is, the timing of a

sudden change in the slope of precipitation increase, Figure 6
also shows the 11-day running mean of precipitation at 10◦N.
The crosses in Figure 6 indicate the approximate timing
for monsoon onset. The model predicts a five-day delay in
future monsoon onset without accounting for the impact
of vegetation dynamics, and dynamic vegetation feedback
reduces this delay to two days. As evident in Figure 6, a
slight delay of monsoon retreat might be expected, but the
magnitude of such delay is very small.

Despite the decrease of preonset rainfall and the slightly
delayed monsoon onset, atmospheric specific humidity
increases over land after the monsoon onset, as a result
of moisture import from over the ocean where warming-
induced increase of evaporation leads to a significant increase
of atmospheric moisture (Figure 7). This increase of mois-
ture partly contributes to the enhanced precipitation and
the weakening of troposphere stability after the monsoon is
fully established (Figures 3 and 4). During the peak monsoon
season (e.g., August), the ocean-to-land gradient of moist
static energy in the lower troposphere is predicted to become
much stronger in the future, and the peak of the moist static
energy is located further inland in the case with dynamic
vegetation feedback (Figure 8). This, according to Eltahir
and Gong [42], suggests a stronger monsoon circulation
and a more northward penetration of the monsoon rainfall,
consistent with results in Figures 3 and 5.
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Figure 3: Predicted daily precipitation changes (color shading, in mm/day) during March–November, with variability more frequent than
11 days filtered out. The contour lines represent the 11-day filtered daily precipitation during 1984–1993 (black) and during 2084–2093
(red).

4. Summary and Discussion

Using the regional climate model RegCM3 driven with lateral
boundary conditions from the NCAR CCSM3 based on
the SRES A1b scenario, this study examines future climate
predictions for the West Africa region and how dynamic
vegetation feedback may influence such predictions. Major
findings are summarized in the following.

(1) Vegetation dynamics reverses the predicted future
trend of annual precipitation in the Sahel region,
from a drying trend to a wet trend. Over the Guinea
Coast region, vegetation dynamics has little impact
on future precipitation predictions.

(2) The predicted future trend of precipitation in the
Sahel region follows a specific seasonal pattern, with
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Figure 4: Changes in the troposphere stability between 1984–1993 and 2084–2093, averaged over 5◦W-5◦E, simulated without dynamic
vegetation (a) and with dynamic vegetation (b). The troposphere stability is represented by the moist static energy difference between
200 mb and 850 mb (MSE200–MSE850).

a decrease during the preonset and early monsoon
seasons and an increase after the monsoon is fully
developed. Dynamic vegetation feedback reduces the
magnitude of the predicted rainfall reduction early
in the season and increases the magnitude of the
predicted rainfall increase later in the season.

(3) The decrease of preonset rainfall is related to the
warming-induced enhancement of convective barrier
during spring, while the increase of precipitation
during the peak monsoon results from the increased
specific humidity as the monsoon circulation brings
more moisture from a warmer ocean.

(4) Despite the substantial decrease of preonset rainfall in
most of West Africa, the model predicts no detectable
delay in the timing of the monsoon circulation
(e.g., timing of wind reversal) and only a slight (if
any) delay in the onset of the monsoon rainfall.
This statement holds regardless of how vegetation is
treated.

Druyan [17] reviewed ten major papers on future precip-
itation prediction in this region and found no consensus
among different models regarding future precipitation trend.
There is some similarity between our results and the study
of Patricola and Cook [18] in that future precipitation trend
differs between different stages of the monsoon development,
but the two differ significantly for the pre- and early-
monsoon stages. The simulated robust increase of precip-
itation in this study during the fully developed monsoon
phase is consistent with the finding of Fontaine et al. [43].
Fontaine et al. [43] focused on the July-August-September
(JAS) precipitation for the Sahel region and found that a
vast majority of the 12 GCMs examined predict an increase
of JAS precipitation for the Sahel region. The increase of
precipitation during JAS however does not necessarily mean

rainfall excess for plant growth. As our results indicate, the
future trend of precipitation during the preonset season can
be very different from the JAS season. The decrease of rainfall
in the preonset season found in our study can lead to a
delayed and in some areas (e.g., south of 12◦N) shortened
growing season. North of 12◦N, however, the increase of
future precipitation is dominant and the growing season may
become longer.

The strong increase of precipitation across the rainy
season north of 12◦N is consistent with the expansion of
grass cover in Figure 2. While the rainfall excess supports
more growth, the increased grass cover lowers the surface
albedo and enhances evapotranspiration, both of which favor
more precipitation over this highly sensitive region. The
vegetation feedback can take place both at the intraseasonal
time scale and over interannual time scale. At the glassland
region, it is more straightforward at the intraseasonal time
scale through the above-ground vegetative response. At the
interannual time scale, this feedback can be facilitated by
the root system of perennial grasses and/or seed bank of
annual grasses, with the first flush of vegetation growth at the
beginning of the rainy season supported by carbon storage in
the roots resulting from previous year’s carbon production or
seeds produced in the previous year. In the real world, both
mechanisms can support inter-annual land memory in the
Sahel region found in the Normalized Difference Vegetation
Index (NDVI) data [44]. In the model used here, vegetation
feedback at the inter-annual time sale over grassland region
relies on roots of perennial grass, as annual grass is not
simulated in the model.

The use of different land surface biogeophysical schemes
(BATS versus CLM3) creates a certain level of inconsistency
between RegCM3 and CLM3-DGVM, and such inconsis-
tency is intrinsic to all asynchronous coupling approaches
(e.g., [38, 39, 45, 46]). This also creates the need for
mapping between the BATS vegetation categorization and
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the vegetation plant functional types simulated by CLM-
DGVM. It is not clear how this inconsistency may have
influenced the results, especially results on the modifications
of future prediction by vegetation dynamics. To address this
uncertainty, we are currently developing a synchronously
coupled version of the model, which involves incorporating
vegetation dynamics into the latest version of the regional
climate model RegCM4 [47] that uses CLM3.5 (as opposed
to BATS in RegCM3) as its land surface model.
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Figure 8: Low-level moist static energy averaged during the peak
monsoon month August and over 5◦W-5◦E.
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Linear trend analysis and seasonal trend analysis are performed on gridded data of vegetation, rainfall, solar radiation flux, and air
temperature, in order to examine the influence of the past three decades of climate variability and change on the Sahelian vegetation
dynamics. Per-pixel correlation analyses are conducted on annual and monthly data, and analyses of change in the potential
climatic constraints to the natural vegetation development from 1982–2007 are performed. The results reveal two distinct periods:
(a) 1982–1994 marked by large increases in vegetation productivity and rainfall and little change in average air temperatures and
solar radiation and (b) 1995–2007 characterized by no distinct trends in vegetation productivity and rainfall and increase in average
air temperatures and decrease in solar radiation flux. Correlations between vegetation productivity and climatic constraints were
found to be statistically significant only for rainfall explaining only a moderate degree of observed NDVI variation, indicating that
nonclimatic factors are also important for the Sahelian vegetation dynamics.

1. Introduction

Through the second part of the 20th century the marked
population growth in semiarid Africa has placed high pres-
sure on the natural resources and increased the competition
for land suitable for agriculture in this region. This led
to a general intensification of existing agricultural areas,
along with an expansion of agricultural activities into former
marginal areas [1]. As a consequence, overall soil fertility
and yield potentials have declined rapidly for many areas,
resulting in additional land being brought under the plough
[2]. The agricultural production of many semiarid areas
of sub-Saharan Africa is characterized by a low adaptive
capacity, and therefore the region is extremely vulnerable
to the influence of large-scale external pressures, including
that of climate change and increased climatic variability
[3]. Particularly pronounced periods of droughts in the
Sahel during the 1970–1980’s displayed this vulnerability.
These droughts had a devastating impact on the local
economy and regional food security and were a key factor
for the establishment of the United Nations Convention
to Combat Desertification and Drought (UNCCD), giving

further attention to the sensitivity of the Sahelian ecosystems
and the people who depend on them [4].

The Sahel provides some of the most dramatic examples
with regard to climate variability during the 20th century
[5, 6]. Average rainfall amounts during 1961–1989 were
40% lower as compared to the earlier reference period
(1931–1960) and display the large intrinsic interannual
variability in rainfall and hence the difficulty in predicting
the characteristics of future rainfall [6, 7]. Climate change
scenarios [8] and global change scenarios [9] underline
that more regions in semitropical areas including the Sahel
are expected to be prone to future extremes in climate
variability, with persistent drought as a major problem and
thus negatively impacting the natural resource base.

The “functional convergence hypothesis” suggests that
ecological processes tend to adjust plant characteristics in
response to ambient conditions in a way that tends to
maximize growth. In essence, the functional convergence
hypothesis states that resource shortages of any sort will lead
to adjustments of light capture; hence light capture serves
as an integrator of resource status and biochemical capacity
for CO2 assimilation [10]. Variations in air temperature
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Figure 1: Delineation of the Sahel based upon the 150 and 700 mm rainfall isohyets. Based on the National Weather Service Climate
Prediction Center, African Rainfall Estimates (RFE) annual mean rainfall 1996–2007.

and surface downward solar radiation flux are generally not
expected to explain as much of the observed NDVI variance
as rainfall since water availability is the most important
potential climatic constraint on vegetation productivity in
Sahel [11–15]. However, changes in NDVI over time could
potentially be caused not only by water availability but also
from other climatic constraints (solar radiation flux and air
temperature) as water becomes less limiting for plant growth.

The aim of this paper is to examine the impact of
the past three decades of climate variability and change
in the Sahel (1982–2007) on vegetation productivity. This
is accomplished through spatiotemporal analysis of earth
observation- (EO-) based as well as modeled biophysical
variables from reanalysis data. Analysis of vegetation trends
(NDVI) combined with analysis of trends of the potential
climatic constraints (water, radiation, and temperature) [16]
for vegetation growth is studied to explore possible causes
of the observed changes in vegetation dynamics. Theil-Sen
median slope linear trend analysis (TS-LTA) is performed
on annual and monthly data covering the period of 1982–
2007 in order to examine the magnitude and direction of
the long-term trends. Additionally seasonal trend analysis
(STA) is conducted and combined with the output of the
LTA as this enables an investigation of the importance of
the observed long-term trends. Complementary, significance
tests are computed in order to express the probability
that the observed trends could have occurred by chance.
Regression analysis between NDVI and the selected climatic
variables (rainfall, incoming radiation, and air temperature)
is performed in order to quantify the explanatory strength of
these climatic constraints on the observed trends in annual
and monthly estimates of vegetation productivity.

2. Study Area

The Sahel stretches from the Atlantic Ocean in the west to
the Red Sea in the east (Figure 1) and is located between the
southern edge of the Sahara and the northern parts of the
tropical equatorial Africa, hence forming a transition zone
between the arid northern and the humid southern eco-
regions. Annual amounts of rainfall and vegetation cover are
among the most common delineators of the Sahel [2, 15, 17].

In the current study the Sahel is demarcated according to the
average annual rainfall for the period 1996–2007 and covers
the area between the 150–700 mm isohyets (Figure 1).

The northern parts of the Sahel are primarily dominated
by open and sparse grasslands, shrublands, and sandy
deserts, while cropland, open woody vegetation, and decidu-
ous shrubland characterize the southern landscapes [18, 19].
The region is dominated by C4 type plants, accounting for
roughly 80% of the herbaceous layer on average, as these
plants are more efficient producers at high temperatures and
radiation levels, as compared to C3 plants [20].

The dynamics and movement of the intertropical conver-
gence zone (ITCZ) is the primary driving force controlling
the amount, timing, and distribution of the Sahelian rainfall
[21]. Large scale convergence, carrying moisture to great
heights, is associated with the location of the ITCZ and
forms the basis for the seasonal rainfall regime [21, 22]. The
west african monsoon (WAM) dynamics is a response to
the temperature, pressure, and humidity difference between
the North African continent and the tropical Atlantic [23].
The Sahelian rainy season is directly linked to the WAM,
with a length of 3–6 months and an annual peak in
rainfall intensity in August. The length of the rainy season
decreases with increasing latitude and lasts approximately
3 months in the north and 6 months in the south [23].
Temperatures are high throughout the entire year with
average values between 32–35◦C and 20–25◦C in the warmest
and coldest month, respectively [18]. Similar to rainfall,
average temperatures increase with decreasing latitude and
vice versa. Temperatures are considerably lower near the
coast and during the short and intense rainy season due
to the effect of the increased availability of water on the
components controlling the overall energy balance during
this time of year [18, 24].

3. Data

Long-term datasets of biophysical variables for the Sahel
are primarily based on ground-based measurements from
weather stations, satellite data, or a combination of both.
Weather stations are often concentrated in populated areas
and in the wealthier regions leaving large areas with a very
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limited coverage in sub-Saharan Africa and the Sahel [25].
Satellite data from the AVHHR (advanced very high res-
olution radiometer) sensors onboard the NOAA satellite
provides continuous spatiotemporal information on veg-
etation productivity. GIMMS (global inventory modelling
and mapping studies) and NDVI (normalized difference
vegetation index) based on AVHRR data are currently
available from July 1981 to 2007 and are amongst the most
widely used global coverage AVHRR data set. The period
including full-year coverage of GIMMS data (1982–2007)
thus determines the temporal extent of analyses performed.

3.1. AVHRR GIMMS NDVI. The input data used for the
GIMMS data set is the global area coverage (GAC) 1B
product. Each GAC pixel is binned into one of the 8 km pixels
of the output product based on a forward, nearest neighbor
mapping where the GAC pixel with the highest NDVI value is
selected [26]. The channels 1 and 2 data used for the GIMMS
data are calibrated [27], and the derived NDVI is further
adjusted using the technique of Los [28]. No atmospheric
correction is applied to the GIMMS data except for volcanic
stratospheric aerosol periods (1982–1984 and 1991–1994)
[23]. A satellite orbital drift correction is performed using
an empirical mode decomposition (EMD) transformation
method of Pinzon et al. [29] removing common trends
between time series of solar zenith angle (SZA) and NDVI.

3.2. Rainfall Data. The rainfall data which was selected for
the current study is the Climate Prediction Center Merged
Analysis of Precipitation (CMAP). The CMAP dataset con-
sists of global monthly rainfall estimates constructed on a
2.5◦ latitude-longitude grid for the period 1979–present.
The monthly rainfall estimates are based on a combination
of gauge station measurements and a variety of different
satellite observations. This is done in order to ensure the
optimum temporal coverage and spatial resolution and to
improve the overall quality of the dataset. The satellite esti-
mates include information on cloud properties derived from
the visible (VIS) and infrared (IR) channels, outgoing long-
wave radiation (OLR), microwave sounding unit (MSU), and
microwave scattering and emission data from the SSM/I [30].
The satellite estimates are combined with a gridded gauge-
based dataset, constructed from over 6700 gauge stations
globally, in order to produce the final monthly precipitation
product. However, the number of rain gauge stations used for
calibration varies considerably in space with an average of 11
stations for the 2.5◦ pixels covering the Sahelian zone. The
absolute values given are generally less worthy of confidence
than the variability and global averages appear to be accurate
to within 5–10% [30].

3.3. Temperature Data. The NOAA NCEP CPC GHCN/
CAMS gridded air temperature dataset is a station
observation-based global land monthly mean surface air
temperature dataset at 0.5 × 0.5 latitude-longitude reso-
lution for the period from 1948 to the present and was
developed at the Climate Prediction Center, National Centers

for Environmental Prediction [25]. This dataset uses a com-
bination of two individual datasets of station observations
(the Global Historical Climatology Network version 2 and
the Climate Anomaly Monitoring System (GHCN + CAMS))
including the anomaly interpolation approach with spatially-
temporally varying temperature lapse rates derived from the
observation-based reanalysis for topographic adjustment.

3.4. Surface Downward Solar Radiation Flux. The NOAA
NCEP-DOE reanalysis-2 monthly surface downward solar
radiation flux data used in the current study is based on the
widely used NCEP/NCAR (National Center for Environmen-
tal Prediction and National Center for Atmospheric Research
reanalysis) reanalysis. Reanalysis-2 is based on state-of-the-
art analysis/forecast system to perform data assimilation and
is aiming at improving upon the NCEP/NCAR reanalysis
by updating the parameterizations of the physical processes
[31]. Gridded surface downward solar radiation flux data
are provided in units of W/m2 in a 1.875-degree spatial
resolution from 1979–present

4. Methods

Linear trend analysis (LTA) and seasonal trend analysis (STA)
were performed in order to examine the past three decades of
inter- and intra-annual changes in biophysical variables, such
as vegetation production, rainfall, air temperature, and solar
radiation flux. The linear approach is widely used [11, 32, 33]
due to its simplicity and since slope values reported on a pixel
level can easily be compared since relating to the same model.

4.1. Trend Analysis. The AVHRR GIMMS 15 day NDVI
composite data were aggregated to monthly observations
using a maximum value composite approach to further
reduce noise and to match the temporal resolution of the
rainfall, air temperature, and solar radiation flux dataset.
Analyses were performed on anomalies to remove the
seasonal influence on the analysis outcome. The long-term
trend analyses performed are based on the Theil-Sen median
slope linear trend analysis (TS-LTA) known to be resistant
to the impact of outliers (noise). Nonparametric tests such
as Theil-Sen (TS) are considered to be robust against
seasonality, nonnormality, heteroscedasticity, and temporal
autocorrelation (at both intra- and interannual scale) [34–
39]. For this reason TS-LTA is highly applicable for studies
of vegetation trends as based on timeseries of NDVI data
[40]. The procedure is applied independently at each pixel
and calculates the median of the slopes between all n(n−1)/2
pairwise combinations of pixels over time. This approach is
related to the approach of using linear least square regression
trend techniques. However, the Theil-Sen median slope trend
analysis (based on nonparametric statistics) is particularly
effective for the estimation of trend from small and noisy
samples.

4.2. Seasonal Trend Analysis. The Seasonal Trend Analysis
(STA), as applied here, includes a two-stage timeseries
analysis: (1) harmonic regression and (2) a nonparametric
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Figure 2: Illustration of amplitude and phase shifts as derived from
the seasonal trend analysis (STA).

linear trend procedure [41]. Per-pixel harmonic regression
was applied to each year of images of the timeseries of NDVI,
rainfall, air temperature and solar radiation flux, respectively,
to extract the mean annual image, the annual cycle, and
the semiannual cycle (described by five harmonic shape
parameters) which is similar to the use of Fourier analysis
as applied by Hill et al. [42]. The use of two harmonics
provides a generalization of the seasonal curve that balances
the need to describe the basic structure of environmental
response to solar input with the need to avoid influence
from noise [43]. The per-pixel trends in the harmonic shape
parameter images were analyzed using a Theil-Sen median
slope operator by calculating the slope for each pairwise
combination of samples in time. The calculated trends of
median slope and intercept values on each of the five shape
parameters were then calculated as seasonal curves for the
beginning and the end of the series based on median values
over the first and last seven years of the timeseries. Seven
years were considered a suitable length to base the observed
curves, as it reduces the influence of a few extreme years
still covering only approximately 25% of the entire analysis
period. The two shape parameters of interest in the current
analysis were the amplitude 1 and the phase 1 index series.
The amplitude 1 expresses any change in the magnitude
of difference between annual high/low values, that is, the
amplitude of the seasonal curve (Figure 2). A positive trend
in the amplitude 1 index series indicates an increase in the
difference between annual high/low values and vice versa.
The phase 1 index series displays the interannual changes in
the timing of the annual peak (Figure 2). A positive trend is a
shift of the annual peak towards an earlier date and inversely
for a negative trend.

4.3. Linear Correlation and Regression Analysis. Regression
analyses were performed to identify the most important
variables in controlling vegetation growth in the Sahel. By
calculating pixel-wise Pearson product moment correlation
coefficients (r), the strength of linear association between
NDVI and the environmental and climatic factors con-
trolling vegetation growth (rainfall, air temperature, and
solar radiation flux) was determined for the three 26-year
timeseries (5% and 10% significance levels are used here).
Linear regression analysis was conducted for both annual and
monthly (June–October) data and carried out for the period

1982–2007. In order to identify the optimum lag time in
vegetation response to the climatic constraint, a 0–2-month
delayed response time was tested. The monthly regression
analysis was based on the months covering the average
Sahelian growing season (June–October) to minimize the
effect of noise in the dry season data [17, 41].

4.4. Testing for Significance. Statistical significance was tested
using a Mann-Kendall significance test producing z scores
which provide information on both the significance and
direction of the trend simultaneously. The Mann-Kendall
significance test is measuring the significance (z-scores) of
a monotonic trend (a nonlinear trend indicator) but is
commonly used as a trend test for the Theil-Sen median slope
operator. A positive slope (z ≥ 1.96) represents a significant
increase (α = 0.05). Likewise, a negative slope (z ≤ −1.96)
indicates a significant decrease (α = 0.05) over time.

5. Results and Discussion

5.1. Linear Trend Analysis. The results of the per-pixel linear
trend analyses of NDVI, rainfall, air temperature, and surface
solar radiation flux for the entire period of available NDVI
data (1982–2007) are shown in Figure 3. Only the slope
values for pixels with significant trends at the 10% confidence
level are reported. As evident from Figure 3(a) positive NDVI
slope values are present throughout the entire region with
only a few minor exceptions (average annual NDVI slope
of Sahel = 0.025). As expected, slopes are found to be
higher with decreasing latitude and vice versa. The Sahel
natural biomass production tends to increase with decreasing
latitude causing the difference in increment between the
northern and southern parts. It is noticeable that the areas
with significant trends (10% level) correspondingly tend
to be concentrated at lower latitudes. This finding agrees
with the results obtained by several other studies based
on analysis covering a period until 1999, 2003, and 2007
[11, 17, 44–47]. Performing trend analysis on NDVI for
the most northern areas of the Sahel, characterized by very
limited vegetation growth, may not be appropriate due to the
increased influence of soil background and sensor effects on
the NDVI signal [48]. This is most likely the cause for the
larger fraction of pixels with insignificant trends in the higher
latitudes. The observed positive NDVI trend for the Sahel
in general is not unexpected as the period of observations
begins at the time of some of the most severe droughts ever
recorded in the region. As no clear NDVI trend is evident
after the mid 90’s the observed increase is most likely an
indication of vegetation recovery following the droughts of
the early 80’s and not a sign of continuous increment of
biomass production. An increase in annual rainfall can be
observed over most of the Sahel as positive slopes dominate
the region (Figure 3(b)). Approximately 50% of the observed
positive trends are significant at the 10% confidence level.
Slope values range between 4–7 mm/yr, which corresponds
to an average slope value of 3 mm/yr for the Sahel as a
whole. This amounts to a total rainfall increase of 80 mm on
average over the period of 1982–2007. It is noticeable that
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Figure 3: Per-pixel linear trend analysis Sahel 1982–2007 of (a) GIMMS NDVI anomalies, (b) CMAP rainfall anomalies, (c) NCEP
GHCN/CAMS gridded air temperature, and (d) NCEP-DOE gridded surface downward solar radiation flux anomalies. Anomalies are with
respect to the 1982–2007 average.

none of the negative trends within the boundary of the Sahel
are significant at the 10% confidence level. Furthermore,
there is a difference in rainfall trends between the western
and eastern part of the Sahel, with trends being consistently
more significant in the western part as compared to the
eastern Sahel. The overall trends in annual rainfall are similar
to those of NDVI, with observable increases during the
first half of the period under investigation (1982–2007) and
no obvious tendency towards the end. This corresponds

to the findings of Fensholt and Rasmussen (2011) [17],
performing linear trend analysis on the GPCP data with a
2.5 ∗ 2.5 degree spatial resolution. The authors similarly
discovered positive trends for the entire Sahelo-Sudanian
zone, with approximately half the pixels being significant at
the 10% level. Additionally, this corresponds to the findings
of Nicholson (1993) [49] and Kandji et al. (2006) [7], who
identified 1988 as the year ending the downward trend in
annual rainfall in the Sahel, and a general recovery of the
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Figure 4: Linear trend analysis Sahel 1982–2007 of (a) GIMMS NDVI anomalies, (b) CMAP rainfall anomalies, (c) NCEP GHCN/CAMS
gridded air temperature, and (d) NCEP-DOE gridded surface downward solar radiation flux anomalies. Anomalies are with respect to the
1982–2007 average.

rains from 1985–onwards. This pattern is not unexpected
due to the timing of the start year of the trend analysis.
However, in the context of the long-term climatic history in
the Sahel, the past 30 years of moisture increase still leaves
annual amounts of rainfall well below the wetter conditions
that prevailed in the region from 1930 to 1965 [45]. As a
consequence, recent increases may only be an indication of
partial recovery following the severe droughts in the early
1980’s.

Air temperature increases are consistent throughout a
major part of the Sahelian area (Figure 3(c)), with only
a few sites having experienced a downwards trend during
the period 1982–2007. Only small areas are characterized
by trends which are not significant at the 10% confidence
level, and the result from the linear trend analysis reveals
average slope values of 0.035◦C. This amounts to a 1◦C-
increase in average temperatures during the past 30 years. It is
noticeable that temperature increases of >3◦C (slopes >0.10)
are found in the most eastern part of the Sahel. The trends
in air temperature exhibit a different temporal pattern,
as compared to NDVI and rainfall with increases being
confined to the later part of the investigated period (1995–
2007). The increase in average air temperature corresponds
to the expected and observed global pattern of temperature
change, which is conditioned by increased amounts of
atmospheric greenhouse gases [50]. For comparison, global

mean surface temperatures have raised by 0.74◦C ± 0.18◦C
over the last 100 years (1906–2005) [51] with global warming
rates increasing towards the end of the period. The cause
of the apparent 3-4◦C increase in temperature for the most
eastern parts of the Sahel during 1982–2007 is difficult
to identify and requires further investigation. The trend
of surface downward solar radiation flux (Figure 3(d)) is
negative for the majority of the Sahel except from the
easternmost part (Sudan) characterized by a significant (10%
level) positive trend. The slope values are however relatively
low with most pixels displaying changes within ±10 w/m2

during 1982–2007 with maximum trends of approximately
±30 w/m2.

The increase in NDVI is larger in the beginning of the
series (1982–1994) and more moderate towards the end
(Figure 4(a)). Conversely, a slight decrease in the average
NDVI value may be observable towards the end of the series,
from approximately 2001 and onwards. Additionally, the
entire period shows relatively large interannual variability
picking out clearly the severe Sahelian drought around 1984
and the very productive year of 2001.

Similar to NDVI, it is evident that the majority of the
increase in annual rainfall occurred in the first half of the
timeseries (1982–1994). Having recovered from the 1980’s
droughts, no apparent long-term trend can be observed
and large interannual variations dominate the region in
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more recent years. Large interannual rainfall variations are
persistent throughout the entire period. Rainfall anomalies
(ranging from 105 mm in 1984 to 110 mm in 1994) result in
trends significant at lower levels as compared to NDVI.

Interestingly, the majority of the air temperature increase
did not occur until after the mid 90’s as no observable
trend is apparent before this point in time (Figure 4(c)).
Similar to rainfall the air temperature trends exhibit large
interannual variability. However, for air temperature the
variability is most noticeable during the first part of the
period (1982–1994) and more moderate towards the end
(1995–2007). Air temperature anomalies range from −0.8◦C
in 1990 to 0.7◦C in 2005. The overall negative trend of
the surface downward solar radiation flux for the Sahel
(Figure 4(d)) can be subdivided into a period of relatively
constant values (1982–1995) and a period of decreas-
ing values (1996–2007), however with larger interannual
variability.

5.2. Seasonal Trend Analysis. Seasonal trend analysis was
performed on monthly GIMMS NDVI data, and results are
presented as seasonal curves (Figure 5(a), monthly median
values over the first and last 7 years), the phase 1 index series
(Figure 5(b), direction of change), and the amplitude 1 index
series (Figure 5(c), magnitude of change). It can be seen that
the majority of the observed increase in NDVI (Figure 3(a))
can be associated with the months covering growing season,
that is, the difference between the black line and the dashed
black line in Figure 5(a) during August–October. The largest
difference in NDVI values is found in September, with
increases reaching roughly 0.08 NDVI. This corresponds to
a 50% increase as compared to the average increase in NDVI
between season and off-season values for the beginning of the
period (black line: 0.13 in June and 0.26 in September). From
the amplitude 1 index series (Figure 5(b)) a clear positive
trend is evident indicating this increase in the difference
between annual high/low values (amplitude of the seasonal
curve) per year during 1982–2007. From the phase 1 index
series (Figure 5(c)) a minor shift in the annual peak, towards
an earlier date, can be observed. The y-axis on the phase
1 index series shows phase angle degrees (range of 0–360),
and 1 phase angle degree corresponds to a movement of the
annual peak of ≈1 day. For the Sahel the average slope of the
phase 1 trend is 0.46 days/year indicating that the onset of
the growing season in 2007 began approximately two weeks
earlier as compared to 1982.

The most noticeable change in CMAP rainfall over the
period 1982–2007 is a relatively large increase in annual rain-
fall which is primarily confined to July-August (Figure 5(d)).
For August (annual peak), a remarkable increase in average
rainfall of 40 mm (or about 50%) can be identified. Only
a minor increase is found for July whereas the remaining
months of the rainy season are unchanged. The amplitude
1 index series (Figure 5(e)) show a clear positive trend
illustrating this increase in amplitude of the seasonal curve
per year during 1982–2007. The phase 1 index series
(Figure 5(f)) reveal no major change in the timing of the
annual peak with an average slope value of −0.05 days/year

corresponding to a movement towards a later annual peak of
≈2 days.

From the output of the STA of air temperature
(Figure 5(g)) it is evident that the majority of the general
increase in the average temperature of approximately 1◦C
(Figures 3(c) and 4(c)) is restricted to the period of October–
July, that is, outside the months of the growing season. A
positive trend in the amplitude 1 index series (Figure 5(h))
is clearly evident, indicating a decrease in the difference
between annual high/low values (seasonal amplitude) during
1982–2007.

The reason for this decrease is the fact that temperatures
have increased less during the summer months (warm
months) as compared to the winter months (cold months)
(see also Figure 5(g)). A minor positive trend (slope = 0.26)
in the phase 1 index series (Figure 5(i)) indicates a small
shift in the timing of the annual temperature peak, of little
more than a week, towards an earlier date. The STA analysis
of surface downward solar radiation flux (Figures 5(j)–5(l))
shows that the observed decreasing trend in solar radiation
flux (Figures 3(d) and 4(d)) is primarily caused by decreasing
fluxes during the growing season (June–October) whereas
the dry season flux has been relatively stable. This also
increases the amplitude of the surface downward solar
radiation flux (Figure 5(k)); however the units are small
(<5 w/m2) during 1982–2007. No changes in the phase of
the surface downward solar radiation flux can be observed
(Figure 5(l)).

The NDVI amplitude 1 image (Figure 6(a)) displays that
approximately 50% of the area is characterized by significant
trends (10% level), with the majority of these being located
in the southern parts of the Sahel. This is in agreement with
the results from the linear trend analysis where it was shown
that NDVI values increased more in the southern than the
northern areas (Figure 3(a)).

From the CMAP amplitude 1 image (Figure 6(b)) the
positive trends indicate an increase in the difference between
annual high/low values during 1982–2007. Approximately
60% of the Sahel features significant amplitude 1 trends
at the 10% level, with the majority being located in the
western and central areas. This indicates that the central and
western Sahel experienced a significant increase in annual
peak rainfall over the period 1982–2007.

Nearly 60% of the Sahel exhibits significant negative
air temperature amplitude 1 trends with a minor tendency
towards the northern parts having more pixels of significant
values as compared to the southern Sahel. Significant positive
amplitude 1 trends in surface downward solar radiation flux
were found in the central and eastern Sahel (Figure 6(d))
expressing that the difference between the dry and wet season
incoming solar radiation flux has increased.

As shown in Figure 7(a) approximately 25% of the
Sahelian pixels are characterized by significant NDVI phase
1 trends (10% level), with the majority being located in
the northern Sahel. To identify changes in the length of
the growing season (LGS), the onset/end was defined as the
period in time where 40% of the fraction from minimum to
maximum NDVI is passed. This percentage threshold was set
relatively high since values below 20–25% increase the error



8 International Journal of Geophysics

Ja
n

Fe
b

M
ar

A
pr

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
ov

0.1

0.15

0.2

0.25

0.3

0.35

N
D

V
I

NDVII (1982–1988)
NDVII (2001–2007)

(a)

140
145
150
155
160
165
170
175
180
185
190

NDVI phase

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

P
h

as
e

(d
eg

re
es

)
(b)

0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1
0.11
0.12

N
D

V
I

NDVI amplitude

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

(c)

Ja
n

Fe
b

M
ar

A
pr

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
ov

D
ec

0
20
40
60
80

100
120

R
ai

n
fa

ll
(m

m
/y

ea
r)

Rainfall (1982–1988)
Rainfall (2001–2007)

(d)

220

225

230

235

240

245

250

Rainfall phase

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

P
h

as
e

(d
eg

re
es

)

(e)

20
25
30
35
40
45
50
55
60
65
70

Rainfall amplitude

R
ai

n
fa

ll
(m

m
/y

ea
r)

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

(f)

15
17
19
21
23
25
27
29
31
33
35

Air temperature (1982–1988)
Air temperature (2001–2007)

Ja
n

Fe
b

M
ar

A
pr

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
ov

D
ecA
ir

te
m

pe
ra

tu
re

(d
eg

re
es

)

(g)

250
255
260
265
270
275
280
285
290
295
300

Air temperature phase

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

P
h

as
e

(d
eg

re
es

)

(h)

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

3
3.2
3.4
3.6
3.8

4
4.2
4.4
4.6
4.8

5

Air temperature amplitude

A
ir

te
m

pe
ra

tu
re

(d
eg

re
es

)

(i)

180

200

220

240

260

280

300

Ja
n

Fe
b

M
ar

A
pr

M
ay Ju
n

Ju
l

A
u

g

Se
p

O
ct

N
ov

D
ec

Su
rf

ac
e

do
w

nw
ar

d
so

la
r

ra
di

at
io

n
(w

/m
2

/y
ea

r)

Surface downward solar
radiation (1982–1988)

Surface downward solar
radiation (2001–2007)

(j)

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

Surface downward solar
radiation phase

400

P
h

as
e

(d
eg

re
es

)

19
82

300
310
320
330
340
350
360
370
380
390

(k)

20

25

30

35

40

45

50

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

Su
rf

ac
e

do
w

nw
ar

d
so

la
r

ra
di

at
io

n
(w

/m
2

/y
ea

r)

Surface downward solar
radiation amplitude

(l)

Figure 5: (a) Observed seasonal NDVI curves, Sahel 1982–2007 (black line: first 7 years, dashed black line: last 7 years). (b) NDVI amplitude
1 index series, Sahel 1982–2007. (c) NDVI phase 1 index series, Sahel 1982–2007. (d) Observed seasonal rainfall curves. (e) Rainfall amplitude
1 index series. (f) Rainfall phase 1 index series. (g) Observed seasonal air temperature curves. (h) Air temperature amplitude 1 index series.
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Figure 6: STA amplitude 1 images, Sahel 1982–2007 (only slopes significant at the 10% level). Changes in the amplitude of the seasonal (a)
NDVI curve, (b) rainfall, (c) air temperature, and (d) surface downward solar radiation flux.

due to dry season noise [52]. The results show that the LGS
have increased by approximately 4 weeks, initiating 2 weeks
earlier and finishing 2 weeks later, in 2007 as compared to
1982.

From Figure 7(b) it can be seen that none of the pixels,
within the Sahelian zone, was mapped with significant phase
1 rainfall trends. This indicates that no movement of the
annual rainfall peak has occurred during 1982–2007. An
analysis of the length of the rainy season was performed
using a fraction of 20% of maximum rainfall (seasonal sum)

indicating the beginning and end of the rainy season. 20%
was selected, as compared to 40% for vegetation growth, due
to the importance of the timing of the early rains in initiating
the growing season [20, 22]. The result of the analysis showed
no prolonging or reduction in the length of the rainy season
during 1982–2007. In general the seasonal trend analysis of
the CMAP rainfall data does not show any remarkable spatial
variability or change in either the length or position of the
rainy season during the period of investigation. The lack
of spatial variation in the outcome of the STA is partially
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Figure 7: STA phase 1 images, Sahel 1982–2007 (only slopes significant at the 10% level). Changes in the phase of the seasonal (a) NDVI
curve, (b) rainfall, (c) air temperature, and (d) surface downward solar radiation flux.

conditioned by the coarse spatial resolution of the CMAP
rainfall data and should be interpreted with this in mind.

Approximately 35% of the Sahelian area was identified
as having significant (10% level) air temperature phase 1
trend (Figure 7(c)) with pixels of significant trends primarily
being located in the most eastern and western parts of
the Sahel. Similar to rainfall almost no pixels were found
with significant movement of the seasonal pattern of surface
downward solar radiation flux for the Sahel during 1982–
2007 (Figure 7(d)).

5.3. Climatic Drivers for NDVI Trends. The linear least
squares regression analysis of annual NDVI against annual
CMAP rainfall for 1982–2007 (Figure 8(a)) revealed a belt
of pixels with significant positive r-values for the Sahelian
zone, with 65% of the pixels being significant at the 10%
confidence level (average r = 0.32). There may be some
evidence of a stronger relation during the first half of
period (1982–1994) (Figures 4(a) and 4(b)), following the
droughts of the early 80’s, as compared to the more recent
years. In comparison Martiny et al. (2006) [53] identified
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an average r-value of 0.65 (P < 0.001) for the annual
NDVI/rainfall (interpolated gauge data 0.5◦ resolution)
relationship, covering the semiarid regions of Africa, during
the period of 1981–1995. Fensholt and Rasmussen (2011)
[17] report that on average 20% (r = 0.45) of the NDVI
variance in the growing season can be attributed to the
variance in annual rainfall in the Sahel.

The results of the linear regression analysis of monthly
GIMMS NDVI against monthly CMAP rainfall (Figures
8(b)–8(d)) show correlations for the Sahelian zone with
65%, 90%, and 80% of the pixels being significant (10%
level) at delayed vegetation responses of zero, one, and two
months, respectively. Average r-values for the Sahel similarly
differ with varying NDVI lagging time and amount to 0.16,
0.53, and 0.26 for zero-, one-, and two- month delayed
response time, respectively. From this it may be concluded
that the optimum response time of vegetation to rainfall is
approximately one month. This is similar to the findings of
Eklundh (1998) [52], who analyzed the relationship between
NDVI and rainfall for East Africa during the period 1982–
1990. Martiny et al. (2006) [53] also identified a lag in
vegetation response to rainfall of 1 month for West-Africa
and the Sahel. The explanatory strength of CMAP rainfall
tends to increase with decreasing latitude within Sahel for
both annual and monthly relations (Figure 8(c)). As the most
northern Sahel is covered with very sparse vegetation covers,
the NDVI signal may be affected by soil background effects in
these areas, and the weaker relation at higher latitudes may be
a consequence hereof.

It is likely that several other contributory factors are
influencing the relation between NDVI and rainfall. The data
quality of the dataset applied here might add a considerable
amount of noise to the analysis, and the very large pixel size
of the CMAP data will evidently also eliminate the detection
of variability at finer spatial scales. Additionally other expla-
nations such as natural phenomena related to the response
of vegetation to rainfall at different phenological stages and
also various anthropogenic impacts, including land use and
land cover changes, changes in grazing pressures, agricultural
intensification, and altered migration patterns [44] can be
included. The lagged effect of high/low rainfall values in
one year on the amount of NDVI in consecutive years may
similarly influence the observed relationship between NDVI
and rainfall [54]. A different type of influence is the fertilizing
effect of increased atmospheric concentrations of CO2 [55],
which may similarly reduce the explanatory strength of
rainfall.

The linear correlation analysis between annual NDVI and
annual temperature does not reveal any strong relation. R-
values average −0.03 for the entire Sahel with only 15% and
21% of the pixels displaying significant positive and negative
correlations, respectively (Figure 8(e)). This was expected
since the observed increase in the Sahelian air temperature
was found to be confined to the months covering the dry
season (Figure 5(g)). The correlation between NDVI and
surface downward solar radiation flux (Figure 8(f)) revealed
a mixed pattern of pixels being both statistically significant
(both positive and negative correlations) and insignificant
indicating no consistent explanatory power of solar radiation

flux on NDVI variance. The only area with a consistent
significant positive covariance between solar radiation flux
and NDVI is the southern part of Sudan.

6. Conclusions

Spatiotemporal trend analyses of EO-based and mod-
elled/gridded biophysical variables show that the Sahel fea-
tures persistent variability and change in vegetation dynam-
ics (NDVI) and potential climatic constraints to plant growth
(rainfall, air temperature, and surface downward solar
radiation flux) over the past three decades. The magnitude,
direction, and association of these trends have been assessed.
An increase in observed NDVI over the full period (1982–
2007), primarily associated with a strong greening trend
until 1994, was found in accordance with previous work.
This study improves the existing knowledge by studying both
inter- and intra-annual changes in greenness and potential
climatic constraints to plant growth in the Sahel. The
greening was confined to the months covering the growing
season (Jul–Oct), reaching 50% on average for September.
And the length of the Sahelian growing season has increased
by approximately 4 weeks (2 weeks earlier onset and 2 weeks
later ending date). This corresponds well with rainfall TS-
LTA and STA revealing an increasing trend for the first part
of the period (1982–1994) and that the increases occurred
during August (the months of peak rainfall). However, no
significant change in the length of the rainy season was
observed over the period 1982–2007. This indicates that
the last three decades of the Sahelian environment can
be characterized by different phases covering the eighties–
mid-nineties and mid-nineties–present, respectively. The
observed increase in air temperature was confined to the last
part of the period (1995–2007).

The degree NDVI variance being explained by rainfall
was found to be moderate at the Sahel scale using growing
season monthly values of NDVI lagging rainfall by one
month (r = 0.53). The moderate explanatory strength
of rainfall (as well as air temperature/solar radiation flux)
points towards the importance of other contributory factors
including data quality, plant phenology, and anthropogenic
influence in determining vegetation dynamics. In view of the
fact that semi-arid rangeland dynamics are highly respon-
sive to climatic variability and change it is important to
continue improving the possibilities for accurate monitoring
of the relation between important biophysical variables,
anthropogenic impacts, and the condition of the natural
vegetation cover. This is especially important in relation to
the establishment of appropriate mitigation and adaptation
measures towards future climate change.
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Here, we examine the dynamic properties associated with the recent increase in the Sahel rainfall using an ensemble of five
global reanalysis datasets (1979–2010). The rainfall that has been observed to be increasing over the Sahel is accounted for by
enhancements in both the tropical easterly jet and the African easterly jet, both of which are known to induce wet anomalies.
Moreover, positional shifts in the African easterly jet and African easterly waves (AEWs) accompanied the northward migration of
the Sahel rainband. Change in the African easterly jet and AEWs are coupled to a northward shift and amplification of convective
activity; this signals an increased potential for the occurrence of flash floods along the northern Sahel. In addition, the result from
a wave tracking analysis suggests that the change in AEWs is closely linked to increased activity of intense hurricanes in the North
Atlantic. The synoptic concurrence of AEWs in driving the dynamics of the Sahel greening and the increase in tropical cyclogeneses
over the North Atlantic is an important aspect in the evaluation of climate model projections.

1. Introduction

Beginning around the early 1980s, the Sahel belt of Africa
has undergone a continual increase in both precipitation and
vegetation greening [1, 2]. This so-called Sahel greening has
been a signal of a gradual recovery from very dry conditions
in the 1980s [3] and from the days of prolonged droughts and
famines during the late 1960s mid-1990s [4, 5]. The increase
in Sahel rainfall has been attributed to a combination of
factors such as global warming [6, 7], decadal-scale variabil-
ity in the global sea surface temperature (SST) [8–11], and
greening-associated changes in the carbon cycle [12]. Pre-
vious studies have pointed to a robust connection between
the low-frequency rainfall variability in the Sahel and the in-
terdecadal SST variations over the tropical Pacific [6, 13], as
well as in the Indian Ocean [11, 14]. Recent evidence has sug-
gested an even closer relationship between the Sahel rainfall
and the Atlantic Multidecadal Oscillation (AMO)—a basin-
scale pattern of SST variability driven by Atlantic meridional
overturning [15]. For instance, the 1980-onward increase
of the Sahel rainfall happens to coincide with the warming

phase of the AMO—a process known to shift the intertrop-
ical convergence zone (ITCZ) poleward [10, 16, 17]. As
shown in Figure 1, the summer precipitation differences
between 1995–2009 and 1979–1994 illustrates the northward
displacement of the oceanic ITCZ that is connected to
the expansion of the wetness domain along the Sahel.

Precipitation in the Sahel is produced through a set
of complex interactions between different circulation
systems—in particular, the tropical easterly jet (TEJ) in
the upper troposphere that extends from South Asia,
the African easterly jet (AEJ) in the middle troposphere (∼
600 mb), and the tropical monsoon westerly in the lower
troposphere that lies beneath the TEJ; these circulation
features are depicted in Figure 1. Situated north of these cir-
culation features is the shallow Sahara heat low that produces
strong meridional gradients in heat, moisture, and potential
vorticity—these lead to mixed barotropic-baroclinic insta-
bilities conducive to the development of African easterly
waves (AEWs) [18–20]. About 90% of the region’s seasonal
rainfall is generated by organized convective systems [21];
such convective systems are frequently initiated by AEWs
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along and to the south of the AEJ [22]. Chen and Wang
[23] have estimated that about 50% of the June–September
rainfall in West Africa occurs under the influence of AEWs.
Moreover, AEWs also spawn tropical cyclones over the North
Atlantic [24, 25], and AEWs are recognized as important
precursors to intense hurricanes of Category 3 or above [26–
28]. Recent studies [3, 29] have found a positively correlated,
yet fluctuating relationship between the tropical cyclone
activity, the West African monsoon, and AEWs.

When it comes to delineating changes in the Sahel’s
climate, in particular those that may be attributed to climate
change, a problem arises in that general circulation models
(GCMs) are presently unable to simulate the aforementioned
complex dynamics [30, 31]. Such deficiencies have resulted in
large spreads in the model projections [32]. It is therefore not
surprising that previous studies that have focused on climate
change in West Africa and the Sahel have seldom evaluated
what changes have come about in the three jets (TEJ, AEJ,
and the monsoon westerlies) and any associated feedback
into the AEWs. In an attempt to bridge this gap, we decided
to utilize an array of observation-based data to examine the
synoptic environment associated with the observed precipi-
tation change in the Sahel. Given the extent of our analysis,
we were also able to investigate the extent of any downstream
effects the Sahel climate change has had on the documented
increase in tropical cyclone threat over the North Atlantic
[33, 34]. Precursors to the analysis were first the adoption of
several precipitation datasets and different generation global
reanalyses as described in Section 2. The analysis in Section 3
is followed by a discussion of the temporal-spatial evolutions
of prescribed meteorological variables. Links to Atlantic
tropical cyclones and associated large-scale circulations are
discussed in Section 4. Concluding remarks are presented in
Section 5.

2. Data Sources

Merged satellite- and gauge-derived precipitation data have
consistent spatial and temporal coverage and have been
useful in the study of African climate. Our study utilized

three sets of precipitation data: the Climate Prediction
Center (CPC) Merged Analysis of Precipitation (CMAP)
[35], the Global Precipitation Climatology Project (GPCP)
version 2 [36], and gauge-based precipitation compiled by
the University of Delaware (UDel) [37]. For verification
purposes, we adopted the uninterpolated version of outgoing
longwave radiation (OLR) measured from polar orbiting
satellites provided by the National Oceanic and Atmospheric
Administration (NOAA). For sea surface temperatures, we
utilized the NOAA Extended Reconstructed Sea Surface
Temperature (SST) V3b [38]; for surface temperatures over
land, we used the CRU Air Temperature Anomalies Version
3 [39] with the time period up to present.

Five global reanalysis datasets (hereafter referred to
as reanalyses) were utilized for an initial analysis on
the African circulation system. The specific reanalyses
are (1) the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research Global
Reanalysis (NCEP1) [40], (2) the NCEP/Department of
Energy Global Reanalysis II (NCEP2)—the improved ver-
sion of NCEP1 that included additional satellite-derived
atmospheric information and newer physics schemes [41],
(3) the European Centre for Medium-Range Weather Fore-
casts (ECMWF) 40-year Reanalysis (ERA-40) [42], (4)
the ERA-Interim reanalysis, developed from ECMWF’s four-
dimensional variational data assimilation (4DVAR) system
with T255 resolution beginning 1989 [43], and (5) the Mod-
ern Era Retrospective-analysis for Research and Applica-
tions (MERRA) developed by NASA, one that incorporates
a synthesis of the current suite of satellite observations [44].
All of the reanalyses used are daily means. Because ERA-40 is
only available up to 2002, the period 1989–2010 was merged
with ERA-Interim by interpolating ERA-Interim’s higher
resolution onto ERA-40’s 2.5◦ resolution through a bilinear
approach. This merged reanalysis is referred to as ERA40/I.

As will be shown, in the later part of the study,
we examined the relationship of the Sahel greening with
the occurrences of Atlantic tropical cyclones. Information
of tropical cyclones was obtained from two sources: (1)
the Atlantic Hurricane Dataset Reanalysis Project [45] for
the period 1979–2009 and (2) the National Hurricane Cen-
ter’s Tropical Prediction Center for 2010. The analysis covers
the period 1979–2010.

3. Results

3.1. Changes in the Sahel Climate. The change of precipita-
tion during July-August (i.e., Sahel’s rainy season) of 1979–
2010 is illustrated in Figure 2 as latitude-time diagrams
of GPCP, CMAP, UDel, and ΔOLR (= 235 Wm−2-OLR),
averaged between 10◦W and 10◦E representing the central
Sahel. Here, 235 Wm−2 of OLR was used as a criterion to
approximate the occurrence of tropical precipitation [46]. A
clear northward shift is revealed in these precipitation data
and proxy, without a discernable change in the amount (as
inferred from the parallel trends). This feature is indicative of
the fact that the increasing Sahel rainfall is not an expansion
of the seasonal rainband but rather is a result of a positional
shift. On the other hand, ΔOLR reveals a noticeable increase
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Figure 2: Latitude-time profiles of precipitation averaged between 10◦W and 10◦E for the July-August season, derived from (a) GPCP, (b)
CMAP, (c) University of Delaware, and (d) ΔOLR (= 235 Wm−2-OLR). Yellow dashed lines are linear trends of the designated value. The
solid black lines indicate the average latitudinal position of maximum precipitation for the depiction of the Sahel rainband.

in magnitude in the precipitation condition (as noted
from the diverging trends), suggestive of an intensification
in the convective activity within the migrating rainbands.
The latitudinal shift of the rainfall maximum—averaged
from all four datasets—amounts to about +1.1◦ over the 32-
year period and is indicated by the solid black line in Figure 2.
A similar migration feature is observed over the eastern Sahel
(10◦E–30◦E), which is shown in Figure 3 with a steady north-
ward shift of the rainband. The western Sahel (not shown)
exhibits similar characteristics to that of the central Sahel. An
examination of the model-generated precipitation from the
four reanalyses (not shown), however, revealed a systematic
bias that consisted of a southward displacement of the mean
rainband (i.e., positioned at 7.5◦N instead of 11◦N as is
the case in Figure 2), without a discernable positional shift.

Such reanalyses biases highlight a primary challenge of global
climate models when it comes to producing reliable climate
simulations and projections for precipitation, as was noted
previously [30–32]. For this reason, we decided to use only
the kinetic fields of the reanalyses.

Figure 4 shows changes in the TEJ, AEJ, and the tropical
monsoon westerly in terms of zonal winds at (a) 200 mb,
(b) 600 mb, and (c) 850 mb, respectively, from the four
reanalyses over the central Sahel. The point to note here is
that there is a substantial increase in the TEJ and a slight
southward shift of the jet core, although MERRA depicts
less of a positional shift but does show a much stronger jet
speed compared to the other reanalyses. NCEP2 and ERA40/I
depict a similar structure of the TEJ but are somewhat
different from the other reanalyses. It is known that wet
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Figure 3: The same as Figure 2 but for the longitudinal zone of 10◦E and 30◦E (eastern Sahel). The black solid lines indicate the rainband as
in Figure 2.

years and upward motion south of the Sahel are associated
with TEJ strengthening, which is related to the El Niño-
Southern Oscillation [47–49]. However, even though the TEJ
has intensified, its southward expansion does not seem to
correspond to the decreased tropical rainfall (south of 10◦N,
Figure 2). For the AEJ (Figure 4(b)), all the reanalyses, with
the exception of MERRA, depict a northward shift of the jet
consistent with the migrating rainband. Both NCEP2 and
ERA40/I depict a clear intensification of the AEJ, whereas
the intensification is weaker in NCEP1 and MERRA. For
the tropical monsoon westerly, the reanalyses are some-
what divergent—while NCEP1 points to an increase in
the westerly wind speed, ERA40/I indicates a sharp decrease.
Nevertheless, all reanalyses agree upon a quasistationary
behavior of the monsoon westerly. Based on Figure 4, it
appears that the four reanalyses exhibit somewhat different

characteristics of the African circulations. In particular,
newer reanalyses do not appear to correspond with each
other, such as the AEJ’s trend between MERRA and ERA40/I.
Therefore, in the ensuing analysis, we adopted an ensemble
approach by averaging the four reanalyses with an equal
weight, denoted as the ensemble reanalyses.

Recall from Figure 2 that, although the precipitation
amounts have not increased significantly, ΔOLR has inten-
sified. The root mean square (RMS) of daily OLR over
the central Sahel (Figure 5(a), left) supports this observation
as it reveals an enhanced fluctuation along the northern
edge of the migrating rainband (∼15◦N). This likely is due
to the rainband moving towards the Saharan boundary
where stronger potential temperature gradients and lower
static stabilities are present; this subsequently leads to greater
thermal and convective instabilities (discussed later). To
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Figure 4: The same as Figure 2 but for zonal wind speeds at levels of (a) 200 mb, (b) 600 mb, and (c) 850 mb derived from (top-down)
NCEP1, NCEP2, MERRA, and ERA40/I. The solid blue lines indicate the Sahel rainband migration. The dotted lines indicate linear trends
of the designated value. Note the different latitudinal scales for each level. In ERA40/I, year 1989 is masked out to highlight the transition
from ERA40 to ERA-Interim.

examine the change in moist convection, we computed
the frequency from which the daily OLR values at each
grid point were lower than 200 Wm−2, which is an empir-
ical threshold obtained for deep convection that usually
occurs over tropical oceans [50]. The result (Figure 5(b))
portrays a northward migration in the frequency of intense
convection that is coupled to the migrating rainband
(i.e., the blue line). However, the northernmost convective
activity could be relatively shallow because the RMS(OLR)
boundary extends to 17◦N while the frequency of OLR

<200 Wm−2 only reaches 15◦N. The eastern Sahel (Figure 5,
right) undergoes consistent changes in convective activity.
The observed migration and intensification of moist con-
vection are supported by enhanced moisture flows and the
increased convergence in moisture fluxes towards the Sahel,
as will be shown later in Section 4 (Figure 10).

It is known that, within the latitude zone of 10◦–
15◦N, AEWs contribute a significant portion to the seasonal
precipitation [23, 51]. The association of the changing
convective activity with AEWs was examined by calculating
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the covariance of the ΔOLR in conjunction with the vorticity
advection forcing of vorticity tendency, −V · ∇( f + ζ),
where V indicates horizontal wind vectors, f is the planetary
vorticity, and ζ is the relative vorticity at 600 mb. Both
variables were bandpass filtered with 2–8 days in order to
isolate the signal of AEWs—this being based upon AEWs’
distinctive timescale and following the time-filtering method
used by Thorncroft and Rowell [52]. The filtered vorticity
advection (ΔOLR) accounts for 66% (74%) of total variance
with the seasonal cycle removed.

As is shown in Figure 5(c), a substantial increase, as well
as a northward position shift, is observed in the covariance
of ΔOLR and vorticity advection in both central and
eastern Sahel. This suggests an expansion and northward
shift of the wave-convection interaction. The RMS of the
filtered vorticity advection (Figure 5(d)) shows a similar shift
with an amplifying tendency that may be interpreted as
a northward displacement of the AEW track accompanied
by an amplification of those waves. The wave activity in
the eastern Sahel—that is, one of the breeding zones of
AEWs—is generally weaker than in the central Sahel but
shows a similar tendency: a northward shift and a latitudinal
expansion. Using the NCEP1 data over the period 1978–
2004, Chen and Wang [23] found a 20% increase in the
number of “moist” AEWs that occur south of the AEJ (the
so-called southern track). These results indicate that the
migrating convection, AEJ, and AEWs are connected with
the shifting Sahel rainband and, that convection coupled to
the AEJ-AEW system has become stronger over the northern
part of the Sahel.

3.2. Changes in the Dynamic Structure. It is well estab-
lished that the formation mechanism of AEWs, particularly
the southern track, relies upon the Charney-Stern instability
[53] in which the meridional gradient of potential vorticity
changes sign south of the AEJ and is negative underneath
the AEJ [18–20]. The Charney-Stern instability occurs in
an environment of combined thermal gradient and verti-
cal shear that promotes the release of available potential
energy (from the mean circulation) towards any pressure
perturbations. Therefore, we examined the change in this
dynamics through the meridional gradient of potential
vorticity, dq/dy, at 600 mb (Figure 6(a)). Compared with the
AEJ as depicted in Figure 4(b), the sign change of dq/dy
indeed occurs south of the jet while it exhibits a northward
progression corresponding to the AEJ’s migration. Note-
worthy is that the intensified AEJ may also induce stronger
shear instability south of the jet; this being favorable for the
development of AEWs. As has been shown previously [54],
midtropospheric vortex stretching is a dominant forcing
source in the vorticity budget over the AEW genesis region.
An examination of the seasonal mean vortex stretching
at 600 mb reveals an amplifying tendency associated with
a northward migration (Figure 6(b)), with a more pro-
nounced amplification in the eastern Sahel. These features
correspond well with the intensification and positional shift
of AEWs revealed from Figures 5(c) and 5(d). Since the AEW
activity is positively correlated with the Sahel and the West
African rainfall (i.e., on the interannual timescale) [52],

these also seem to support the position shift of the Sahel
rainband.

During the last 30 years, surface temperature over
the Saharan desert has warmed within the range of 0.5◦–
1.0◦C (not shown); a warming like this strengthens the heat
low and lowers the static stability. The change in warming
and static stability (from the combination of low static
stability and a stronger meridional temperature gradient,
[55]) likely reinforces the heat low’s interaction with
the northward migrating AEJ, leading to an enhancement
in baroclinic instability. When coupled with the increased
moisture supply (shown later in Figure 10), as well as
enhanced moist convection conditions, mixed barotropic
and baroclinic instabilities likely result in a stronger reversal
of the midtropospheric potential vorticity gradient, as was
found in earlier observations [56], thus enhancing dq/dy.
This appears to be the case as is evident in Figure 6(a). Such
processes further explain the intensified AEW-OLR activity
suggested from Figure 5(c).

Apart from the Sahel, precipitation in West Africa has
also increased (Figure 1,∼15◦W); this implies an intensifica-
tion of the monsoon trough in that region (i.e., the monsoon
trough is perceived by low-level cyclonic flows extending
from West Africa into the North Atlantic). This observation
is substantiated in Figure 6(c) by the increase in the vorticity
source over West African and the coastal ocean (30◦–15◦W).
The increased vorticity source also points to a stronger
convergence of the monsoon trough, which contributes
to the precipitation increase. These features suggest that
the concurrent shifts of the Sahel rainband, the AEJ, and
associated AEWs are likely linked to the intensifications of
the West African monsoon [57, 58], where they connect to
the AMO-induced ITCZ anomalies. Such a connection has
an implication on changes in the Atlantic tropical cyclone
frequency, which will be discussed in Section 4.

3.3. Changes in SSTs. It is known that rainfall in West
Africa and the Sahel is modulated by SST variations
around the globe. For instance, interannual variations of
the West African monsoon closely respond to SSTs in
the Gulf of Guinea, while interdecadal variations of the
Sahel rainfall rise to combined effects of the AMO, the
Interdecadal Pacific Oscillation, and the Indian Decadal
Variability [11, 59]. Here, we examined the meridional
evolution of SSTs in the Atlantic (40◦–20◦W) and the Gulf
of Guinea (10◦W–10◦E), shown, respectively, in Figures
7(a) and 7(b). The warm SST zone in the tropical Atlantic
has expanded, with its northern boundary (e.g., the 27◦C
isotherm) progressing northward at about the same rate as
the Sahel rainband. The tropical South Atlantic has also
warmed. In the Gulf of Guinea, a discernable, but less
pronounced warming is observed. Warming in the Gulf of
Guinea is known to decrease the meridional temperature
gradient, which subsequently reduces the West African
monsoon, at least on the interannual timescale. This appears
to be the case for surface thermal gradients derived from
the CRU temperatures in the central Sahel (Figure 7(c)).
There, the northward shift in positive meridional tempera-
ture gradients is in agreement with the migrating rainband.
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Figure 7: Evolution of SSTs over (a) Atlantic 40◦W–20◦W and (b) Gulf of Guinea 10◦W–10◦E superimposed with the linear trends (yellow
dashed lines) and the Sahel rainband (thick blue line). (c) Evolution of the meridional gradient of CRU surface temperature anomalies over
the central Sahel 10◦W–10◦E.

4. Link with Atlantic Tropical Cyclones

During the past 30 years, both the frequency and the intensity
of Atlantic tropical cyclones have increased significantly. The
increase is, at least in part, attributed to rising tropical SSTs
[33]. Recently, a growing number of studies have suggested
that tropical cyclone activity and Sahel rainfall anomalies
are linked to the uptrend phase of the AMO (as reviewed
by Latif et al. [10]), but such a linkage has not yet been
substantiated. Landsea [26] has estimated that about 60%
of tropical storms and moderate tropical cyclones in the
Atlantic basin and over 80% of intense tropical cyclones (i.e.,
Category 3 and above) originate from AEWs. Later studies
[25, 28, 29] found that southern-track AEWs contribute the
most to tropical cyclogenesis, because their nature of moist
convection facilitates the conversion of cold-core waves into
warm-core tropical cyclones [60]. Here, we explored their
synoptic linkage.

The Atlantic tropical cyclogeneses and those that orig-
inate from AEWs was examined by performing a back-
tracking method of AEWs as was used in Chen et al.
[28]. The back-tracking procedure begins with the genesis
location of a tropical cyclone, then tracks any preexisting

perturbation associated with the tropical cyclogenesis back to
its origin of perturbation by using daily-mean wind and vor-
ticity fields at 925 mb and 600 mb in conjunction with daily
OLR. Here, if the perturbation originated over the African
continent, then its related tropical cyclogenesis is regarded as
being of AEW origin. The tracking was performed manually,
and only those tropical cyclones during the period 2005–
2010 were tracked, while cases prior to 2005 were adopted
from Chen et al. [28]. Illustrated in Figure 8 are tropical
cyclogeneses with an AEW origin, the initial locations of
those AEWs, and the trajectory between the two. As was
previously observed [28], southern-track AEWs tend to form
tropical cyclones further to the east and closer to West Africa
than northern-track AEWs, likely due to stronger latent heat
release in the West African monsoon region [25].

Figure 9(a) shows the number of tropical cyclones ini-
tiated in the July–September season and their linear trend.
Year 2010 was not included in the trend analysis because
the track records at the time were provisional. Of the 86%
increase in the number of tropical cyclones since 1979, 62%
originated from AEWs (Figure 9(b)) while 50% are linked to
southern-track AEWs (Figure 9(c)). The connection between
AEWs and intense tropical cyclones is more pronounced:
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Figure 8: (Modified from Chen et al. [28]) July–September climatological streamlines at 925 mb overlaid with tropical cyclogeneses of AEW
origin and the trajectory and genesis of AEWs for (a) the southern track (AEWS) and (b) the northern track (AEWn). Symbols are explained
in the right. The AEJ core is indicated by the black solid line. Data period: 1979–2006.

given a dramatic 148% increase in the number of intense
tropical cyclones, 88% are of AEW origin (Figure 9(e)), while
84% (out of the 88%) originated from the southern-track of
AEWs (Figure 9(f)). It has been found that the large-scale
atmospheric conditions leading to the increase in tropical
cyclone frequency and power involve potential intensity
(potential intensity involves net surface radiation, ther-
modynamic efficiency, and surface wind speed.), low-level
vorticity, and vertical wind shear [34], whose variations
turn to the favorable side for tropical cyclogenesis during
the recent AMO uptrend [8, 10]. Nonetheless, the ensuing
change in synoptic process has not been explored. Therefore,
the results presented in Figure 9 are a further substantiation
of the synoptic condition and associated dynamic linkage
that exist to “fuel” the observation of increasing rainfall in
the Sahel and the Atlantic tropical cyclones (especially the
intense ones).

As an attempt to reconcile the large-scale and synoptic
perspectives for the observed changes in tropical cyclones
and AEWs, we examined the large-scale moisture flows
by computing the potential function and streamfunction
of the atmospheric column water vapor flux, Q, denoted,
respectively, by VPQ and STQ [61]:

VPQ = ∇−2(∇ ·Q),

STQ = ∇−2
(
�k · ∇ ×Q

)
.

(1)

The horizontal distribution of the linear trends of VPQ
(Figure 10(a)) depicts a convergence center off the coast
of West Africa, accompanied by an elongated region of
convergent water vapor flux over the Sahel. These features
indicate an increase in moisture pooling, hence supporting
the precipitation increase (cf., Figure 1). Meanwhile, a robust
cyclonic circulation of STQ is formed over the tropical
Atlantic, centered to the west of the VPQ convergence
maximum (Figure 10(b)) and corresponding to the SST
warming (Figure 7(a)). Since STQ resembles the lower-
tropospheric circulation, this cyclonic STQ anomaly also
illustrates the deepening of the monsoon trough (which

connects to the ITCZ in the west). Associated with this
cyclonic STQ anomaly, the enhanced monsoon trough
(∼15◦N) affects West Africa and extends inland up to 20◦E,
thereby strengthening the moisture supply into the Sahel.
This deepening of the West African monsoon trough has also
been noted in Nicolson [62].

Next, we superimposed the location of tropical cyclo-
geneses during the two periods of 1979–1995 (blue dots)
and 1996–2010 (red dots) with Figure 10. It appears that
most of the increase in tropical cyclogenesis is distributed
east of 50◦W. Chen et al. [28] have shown that the majority
of intense tropical cyclones with AEW origin were initiated
east of 45◦W, often within the influence of the West African
monsoon trough that provides low-level cyclonic vorticity,
moisture flux convergence, and latent heat. These conditions
appear to have intensified altogether over the last 30 years.
It is possible that the enhancement of these circulation
features facilitates the moist convection process that can
effectively transform AEWs into tropical cyclones. There is
one remaining question, though, which is to what extent
the conversion rate of AEWs becoming tropical cyclones
has changed? It was noted that such a conversion rate
has not changed significantly [27], an observation that
reflects the concurrent increases in the AEW and tropical
cyclone activities [29]. However, a satisfactory answer to this
question requires a systematic investigation of the conversion
rate; this means persistent manual tracking for AEWs using
the four or more reanalyses—a labor-intense task that is
being undertaken.

5. Concluding Remarks

Increased Sahel rainfall over the 1979–2010 period and
associated synoptic conditions were investigated. Latitude-
time cross-sections of precipitation and OLR indicate that
the precipitation increase in the Sahel results from the north-
ward migration of the seasonal rainband. Convective activity
associated with the migrating rainband also intensified,
mostly along the northern boundary of the rainband and
south of the AEJ. Analyses of kinematic fields further indicate
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Figure 10: Horizontal maps of linear trends of (a) the potential function (VPQ; contours + shadings) and (b) the stream function (STQ;

shadings) of the column-integrated water vapor flux Q = ∫ 200 hPa
pS
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the water vapor flux (vectors). Tropical cyclogeneses during the 1979–1995 and 1996–2010 periods are overlaid as blue dots and red dots,
respectively.

a positional shift and intensification of the AEJ, consistent
with the northward migration of the Sahel rainband. These
features are accompanied by stationary tropical monsoon
westerlies, an expanding TEJ, and an increase in moisture
flux convergence. Concurrent tropical SSTs in the Atlantic
also contribute to the enhancement of low-level cyclonic
flows that extend into the Sahel.

Furthermore, the poleward shift and amplification of
AEW activity associated with the AEJ changes play a crucial
role in the change of tropical cyclogenesis over the North
Atlantic. Through a manual back-tracking method that
connects tropical cyclones to their AEW origin, it was found
that 88% of the dramatic 148% increase in intense tropical
cyclones are linked to AEWs. These results provide a synoptic

linkage between the documented increase in tropical cyclone
threat and the increasing Sahel rainfall over the past 30 years.
In view of the severe spreads in GCM projections of the Sahel
climate, simulation quality in terms of the AEJ-AEW system
may serve as an additional criterion for the assessment of
projection uncertainties. Moreover, projected AEW activities
may also provide an indication for future tropical cyclone
threat.
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This study aims to understand the main differences over the African continent and the Eastern Atlantic Ocean between African
Easterly Waves (AEWs) associated with Atlantic cyclones (developing AEWs) and non-developing AEWs. A statistical study showed
that most of the named cyclones generated near the West African coast have a long lifecycle and all are associated with intense
AEWs. Using NCEP/NCAR reanalyses, a composite study of the characteristics of developing AEWs is carried out and compared to
those of non-developing AEWs. Developing AEWs exhibit the greatest baroclinic and barotropic conversions which are known to
be the main processes involved in AEWs growth suggesting that these AEWs are stronger than the non-developing ones. Moreover,
the developing AEWs are characterized by the existence of a relatively more unstable environment over West Africa and the Atlantic
Ocean. A case study using rawinsonde data showed that the developing AEW is associated with dynamic and thermodynamic
conditions conducive for deep convection and subsequent cyclogenesis compared to the non-developing AEW case.

1. Introduction

Gray et al. [1, 2] suggested some necessary but not sufficient
conditions for the initiation of North Atlantic tropical
cyclones (TCs): warm waters (at least 26◦C), an atmosphere
which cools fast enough with height, a high mid-levels
humidity because dry air layer at middle levels is not condu-
cive for promoting the development of deep convection, and
a low vertical wind shear between the low and upper tro-
posphere. Moreover, a minimum distance of at least 500 km
from the equator (nonnegligible amounts of Coriolis force)
is required to maintain the circulation of the disturbance.
To develop, a tropical cyclone needs a precursor. African
Easterly Waves (AEWs, hereinafter) are the main precursors
of cyclonic activity over the North Atlantic [3–7].

AEWs are important features of the West African re-
gion and tropical Atlantic Ocean. They propagate westward
with a period of 3–5 days and are generated by a mixed baro-
clinic—barotropic instability of the African Easterly Jet [8].

Thorncroft et al. [9] suggested that these synoptic distur-
bances tend to be triggered by convection over orographic
regions of East Africa. Their associated cyclonic vortices
usually propagate along two tracks over West Africa (North
and South of the AEJ) and merge into one over the North
Atlantic Ocean [10, 11]. AEWs are also known to modulate
Mesoscal Convective Systems activity and the daily rainfall
over West Africa [12–15].

Many studies have focused on the role of large-scale
environment such as sea surface temperature, vertical wind
shear, and mid-levels humidity on tropical cyclogenesis
[2, 16, 17]. Several studies have been done to address the
links between AEWs and North Atlantic tropical cyclones
genesis and these studies mainly focused on the relation
between the number of AEWs that cross the West African
coast and subsequent tropical cyclogenesis. Thorncroft and
Hodges [18] showed that on an interannual timescale the
relationship between the number of AEWs and North
Atlantic TCs is not significant enough to explain all the
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variability of cyclonic activity over the North Atlantic Ocean.
Avila and Pasch [19] found that although the number of
AEWs in the tropical Atlantic is fairly constant from year
to year, there is a substantial variability in the fraction
of AEWs that develop into tropical cyclones [19]. For an
example, during the 2002 (1996) Atlantic hurricane season,
10% (92%) of cyclones developed from AEWs [20, 21].

Hopsch et al. [22] in a pioneer work, instead of con-
tinuing to focus on the relation between the number of
AEWs and tropical cyclones, studied composite structures
of AEWs that developed into named tropical cyclones and
nondeveloping AEWs using ERA-40 reanalysis data. They
found that the lack of AEWs development into tropical
cyclones is mainly due to the presence of dry mid-to-upper-
level air just ahead of the AEW trough. Despite this study,
the reason why a particular AEW will develop or not into
a tropical cyclone over the north Atlantic requires more
investigation.

The main subject examined in this paper is the difference
over the African continent and the Eastern Atlantic between
a developing AEW and a nondeveloping AEW. We did not
consider synoptic disturbances (AEWs) after the genesis of
associated cyclones over the Ocean. Thus, we did not deal
with the behaviour of the cyclones over the Atlantic ocean.
The data (rawinsonde, OLR, NHC Best Track archives, and
NCEP/NCAR reanalysis data) and methods used in this
study are presented in Section 2. In Section 3, results of a
statistical analysis and a composite study comparing AEWs
associated or not with cyclones are presented followed by a
case study in Section 4 using available rawinsonde data from
Dakar, Senegal. Section 5 presents our conclusions.

2. Data and Methods

The data used in this study are the NCEP/NCAR daily
reanalyses [23] during 15 years (1989–2003) with the aim
to obtain a good sample for the composite study. The
rawinsonde observations at Dakar station (17.5◦W-14.59◦N)
are used to validate the composite study done with the
NCEP/NCAR reanalyses trough a case study which compares
the characteristics of the AEW associated with hurricane
Fran to a non-developing AEW during August 1996. 1996 has
been chosen because of the availability of rawinsonde data
for Dakar station during that year. Upper air measurements
data are available at http://www.weather.uwyo.edu/.

Outgoing Longwave Radiation (OLR) data at 2.5 lati-
tude/longitude from the National Oceanic and Atmospheric
Administration (NOAA) are used to estimate deep convec-
tion [24]. For example, an OLR equal to 220 w.m2 could
be associated with cloudtop temperature of −23◦C. In this
study, we considered only OLR values weaker than 220 w.m−2

to depict the deep convection. Information about named
TCs is provided by The NOAA/National Hurricane Center
(NHC) Best Track archives which summarize the dates of
occurrence and tracks of North Atlantic TCs.

In this work, only cyclones generated off the West
African coast (East of 40◦W) and associated with AEWs
are studied in order to investigate West African climate

features associated with North Atlantic cyclonic activity. A
tracking of the maximum cyclonic vortices associated with
AEWs troughs and the Wavelet analysis technique are used
to show that TCs considered in this study are associated
with AEWs. The Wavelet analysis technique described in
[25, 26] and used by Diedhiou et al. [11] to detect AEWs
in NCEP/NCAR and ECMWF reanalyses plots significant
energy values of the wavelet relative to a red-noise spectrum.
This technique allows us to detect AEWs frequency and
temporal localisation. The characteristics of these AEWs
are compared to those of AEWs that did not develop into
cyclones. The NHC Best Track archives are used to deduce a
mean longitude genesis of named TCs (30◦W). The genesis
day of TCs is considered to be the first position in the NHC
best track (development into a tropical depression).

AEWs not associated with cyclones were detected at
this same mean longitude (30◦W) of TCs genesis to have
approximately the same time reference as for AEWs with
cyclones. We retained these two classes of AEWs and initially
carried out a comparative composite study of AEWs associ-
ated or not with cyclones with the aim of depicting the main
large-scale differences between them. After completing the
composite study, we carried out a case study with available
observed data (rawinsonde data) from the Dakar station
during 1996. We analyse a wave associated with a cyclone
(hurricane Fran in August 1996) and a non-developing AEW.

3. Results

3.1. Statistical Analysis. A statistical study showed that out of
a total of 163 cyclones that occurred throughout the whole
tropical North Atlantic Ocean between 1989 and 2003 (a
period of 15 years), 48 cyclones generated in the eastern part
of the MDR (East of 40◦W) are considered in this study.
We found that, except for 7 cases, these cyclones had long
lifecycles (lifecycle equal or greater than 9 days). The lifecycle
is calculated by summing the number of days in which
named cyclones are in tropical depression or a stronger stage.
Moreover, these cyclones were all associated with AEWs. This
is illustrated in Figure 1. AEWs troughs have been tracked
from the genesis days of associated cyclones back to West
Africa. These tracks are obtained by following the location of
maxima of relative vorticity greater or equal to 0.5×10−5 s−1

at 850 hPa as in Thorncroft and Hodges [18]. This figure
shows that AEWs coming from the southern track as well as
from the northern track are involved in cyclonic activity over
the North Atlantic. But 40 in 48 cyclones considered in this
study are southern AEWs origins suggesting that these AEWs
contribute mainly to Atlantic cyclonic activity in coherence
with Thorncroft and Hodges [18] studies.

A wavelet analysis is done to confirm that those cyclones
considered are associated with AEWs (Figure 2). An example
of the wavelet analysis for 1995 summer season is performed
(Figure 2(a)) by considering the meridional wind field at
700 hPa over a domain east of the mean longitude of cyclone
genesis (30◦W–15◦W, 5◦N–15◦N). This latitude band (5◦N–
15◦N) encompasses mainly the southern track of AEWs
in coherence with the results of Figure 1. Except cyclone
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Figure 1: Tracks of all AEWs associated with cyclones (48 develop-
ing AEWs). These tracks are obtained by following the maxima of
relative vorticity at 850 hPa associated with AEWs troughs. For each
cyclone, maximum of relative vorticity is tracked from the genesis
day of the cyclone to Africa until this value is less than 0.5×10−5 s−1.
Genesis dates of cyclones are obtained from the NHC Best Track.

Pablo (4 October), all the cyclones were associated with
a significant maximum energy in the mean 3–5-day band
periods of the wavelet analysis. We verified that the short
lifecycle of cyclone Pablo is due to high values of vertical
wind shear over the North Atlantic which are known to be
unfavourable for cyclonic activity. This figure also confirms
that the 3–5-day AEWs occurred mainly during the rainy
season in West Africa and tropical North Atlantic while the
6–9-day AEWs occurred mainly at the beginning and at the
end of the rainy season [11].

Figure 2(b) shows the results of a composite study of
all the TCs that occurred from 1989 to 2003 over the same
domain. The average modulus over this domain in the 3–5-
day band period of the wavelet analyses of the meridional
wind at 700 hPa is at its maximum at the genesis day (t = 0).
Genesis days of named cyclones are provided by the NHC
and correspond to the first position in the NHC Best Track
archives. The composite of developing AEWs is made by
considering the average of 3 days before the genesis days
of cyclones (from t − 3 to t − 1) to focus only on AEWs
characteristics during their propagation from the continent
to the Eastern Atlantic Ocean and before the genesis of
associated cyclones.

Non-developing AEWs are detected using the same
method as the previous case at the mean longitude genesis
of cyclones (30◦W). Dates associated with a strong energy
level in the wavelet analysis and a maximum relative vorticity
at 850 hPa are considered to be affected by AEWs. An
Illustration of the composite structure of non-developing
AEWs is shown in Figure 3 representing the westward
propagation over West Africa of associated streamlines at
700 hPa with a succession of troughs and ridges. The phase
speed and the wavelength of the AEWs are, respectively,
around 8 m/s and 3000 km, within the ranges reported in
previous investigations [8]. The composite of developing

4

Modulus of wavelet analysis in 1995

Pe
ri

od
(d

ay
s)

1995

4.5

4.5

4.5
4.5 4.5

4.5

5

5

5

5

5.5

PA
B

LO

N
O

E
L

LU
IS

K
A

R
E

N

H
U

M
B

E
R

T
O

FE
L

IX

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5
3

3

3

3

3

3

3

3

3.5

3.5

3.5
3.5

3.5 3.5

4

4

4
4

4
5.5

5.5

5.5

6

6

63

4

5

6

7

8

9

10

1 Oct16 Sep1 Sep16 Aug16 Jul1 Jul 1 Aug

(a)

Modulus of wavelet analysis (AEWs with TCs)

M
ea

n
ge

n
es

is
da

y

−7 −6 −5 −4 −3 −2 −1 0 1 2 3 4 5 6 7

3.54

3.52

3.5

3.48

3.46

3.44

3.42

3.4

3.38

Time composite

M
ag

n
it

u
de

(b)

Figure 2: Modulus of the wavelet analysis on the meridional wind
at 700 hPa (a) in 1995 over the domain (27.5◦W–15◦W, 5◦N–
17.5◦N). The line represents the mean genesis days of cyclones
obtained from the Best Track of NHC. Modulus of the wavelet
analysis in the 3–5-day band periods (t = 0 corresponds to the
mean genesis day from NHC archives) performed over the domain
(27.5◦W–15◦W, 5◦N–17.5◦N) for AEWs associated with cyclones
(b).

AEWs is made by considering the average of 3 days (from
t − 3 to t − 1) before the day of their detection at the mean
longitude genesis of cyclones (30◦W). Thus, in each case, an
average over 3 days of 48 AEWs is considered.

3.2. Composite Study. This section presents the results of a
composite study done with 48 AEWs that developed into
cyclones and 48 AEWs that did not over the Eastern Atlantic
in the 1989–2003 period.

The meridional gradient of potential vorticity (PV) on
315 K isentropic surface (near 700 hPa or 3 km) is computed
to help define the areas of barotropic and baroclinic insta-
bilities which are the processes involved in waves genesis
and intensification. AEWs are associated with a strong
signal at this level (315 K). This level (315 K) intersects
the AEJ over West Africa [27, 28]. Burpee [8] found that
the meridional gradient of PV changes sign over Africa at
the mid-troposphere (near 700 hPa). This sign reversal of
meridional gradient of PV satisfies a necessary condition for
the barotropic-baroclinic instability of the mean flow [29],
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Figure 3: Streamlines at 700 hPa for the 48 AEWs not associated with cyclones. The time sequence (t − 4, t + 1) considered in this study is
from 4 days before to 1 days after the detection of AEWs at the mean genesis longitude for the 48 cyclones (30◦W). T represents the detection
time of AEWs at this mean longitude. X represents the location of AEWs axis.

areas where there is a negative meridional gradient of PV
(∂PV/∂y) are favorable to the growth of AEWs [30]. The
result of observational studies by Norquist et al. [31] and
idealized modelling simulations by Thorncroft and Hoskins
[27, 32] have shown that both baroclinic and barotropic
processes contribute to the growth of AEWs. Potential
Vorticity is calculated on 315 K isentropic surface (near
700 hPa) following methods described by Molinari et al. [33]
using:

PV = gσ−1(ζθ + f
)
, (1)

where σ = −(∂p/∂θ) and f = 2ω sin(ϕ), θ is potential
temperature, f is the Coriolis force, ω is the angular velocity
of the earth, ϕ is the latitude, and ζθ represents the vertical
component of relative vorticity computed on an isentropic
surface. According to Dickinson and Molinari [28], the sign
reversal is the result of the existence of high values of PV
in the cyclonic shear zone near the southern flank of the
AEJ and from the presence of PV values close to zero over
the desert regions of North Africa in the lower troposphere
near the northern flank of AEJ. These low values of PV over
the Sahara are consistent with the presence of a deep mixed
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Figure 4: Meridional gradient of Potential Vorticity (left) and Potential Vorticity (right) at 315-K isentropic surface for AEWs associated
with cyclones (top) and for non-developing AEWs (AEWs not associated with cyclones (bottom)). Units are PVU for the PV and 0,
01 PVU/100 km for the meridional gradient of PV. 1PVU = 10−7 m2K s−1 kg−1.

layer over this region creating almost zero static stability
(∂θ/∂p) ≈ 0 in the lower troposphere [28, 34].

Figure 4 shows that developing AEWs are associated
with a greater meridional gradient of PV in the areas
of negative values. These larger negative values are found
to extend further into the North Atlantic Ocean. Thus,
AEWs that develop into cyclones are associated with the
strongest baroclinic and barotropic conversions suggesting
that these disturbances may be stronger than the non-
developing AEWs. This result is confirmed by the Potential
vorticity structure itself which shows larger values in the
developing AEWs case suggesting that these perturbations
are the strongest. This result is consistent with the studies
of Landsea and Gray [35] who hypothesized that on an
interannual time scale, strong cyclonic activity is associated
with the propagation in the North Atlantic Ocean of a large
number of AEWs with strong amplitude emanating from
Africa.

The horizontal and vertical shears of the zonal wind
at mid-levels are known to be important for the growth
of AEWs and are dynamically related to barotropic and
baroclinic instabilities [8, 36]. The relative contribution of
these two processes in the growth of developing and non-
developing AEWs is computed. Figure 5 shows that the
meridional gradient of zonal wind at 700 hPa (horizontal
shear) presents stronger negative values in the case of
developing AEWs suggesting that horizontal wind shear at
midlevels is greater in the case of developing AEWs. But the
vertical wind shear at mid-levels (difference between zonal
wind at 700 hPa and 600 hPa) does not present any systematic
difference between these two types of AEWs (figure not
shown). Therefore, horizontal shear may be the dominant
process which explains the greatest instability of the AEJ in
the case of developing AEWs.

Low values of the total vertical wind (zonal and merid-
ional wind) shear between low-levels (850 hPa) and upper
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Figure 5: Horizontal shear of zonal wind at 700 hPa for AEWs
associated with cyclones (a) and for non-developing AEWs (b). Unit
is 10−6 s−1.

levels (200 hPa) are known to be favorable for cyclonic
activity [1, 2]. Lower values of vertical wind shear are present
over Africa and the Eastern Atlantic for developing AEWs
suggesting the existence of an environment dynamically
favourable for deep convection (figure not shown).

The Vorticity analyses depict the relative strength of
AEWs in both cases. Figure 6 shows that the mean rel-
ative vorticity at 850 hPa is greater for developing AEWs
(9.10−6 s−1) than for non-developing AEWs over the conti-
nent and over the ocean, consistent with the PV study. There-
fore, this result confirms that the developing AEWs case is
characterized by the existence of strong AEWs propagating
in the North Atlantic Ocean consistent with the findings of
Landsea and Gray [37]. Given sufficient amplitude, these
AEWs are more likely to initiate cyclogenesis [18, 38]. Over
North Africa (Sahara desert), positive values of relative
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Figure 6: Relative Vorticity at 850 hPa for AEWs associated with
cyclones (a) and for non-developing AEWs (b). Only values greater
than or equal to zero are contoured. Unit is 10−6 s−1.

vorticity, which are related to the northern track of AEWs, do
not show any systematic difference between these two types
of AEWs.

After diagnosing the difference between these two types
of AEWs using dynamical parameters, the mean state of
the atmosphere is assessed using thermodynamic parameters
such as the Potential of convection (Pc) also called the
potential of instability. The Pc is the difference between the
equivalent potential temperature at 1000 hPa (surface) and
500 hPa (mid-troposphere) following Gray [2]:

Pc = θe(1000)− θe(500), (2)

where θe is the equivalent potential temperature.
The Potential of convection is a good parameter for

studying the degree of the atmospheric instability. The
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Figure 7: Potential of convection (K) for AEWs associated with cyclones (a), for non-developing AEWs (b) and the difference between
AEWs associated with cyclones and non-developing AEWs (c).

highest values of the Pc were found for developing AEWs
(as high as 24 K). The difference in Pc between developing
and non-developing AEWs shows an axis of maximum
positive values along 15◦N (Figure 7). This axis extends
well into the North Atlantic Ocean, indicating that the
atmosphere is more potentially unstable for the cases of
developing AEWs. This northward shift in the peak in Pc
for developing AEWs corresponds to a general northward
shift in the monsoon trough. We verified that this greater
instability is associated with the presence of a monsoon
layer deeper in latitude and more intense in magnitude
(figure not shown). This is coherent with the results of
Newell and Kidson [39] suggesting that intense AEWs are
associated with a wetter monsoon phase. NOAA Outgoing
Longwave Radiation (OLR) data exhibit lower values over
Africa for developing AEWs suggesting the presence of a
deeper convection and a northward shift of the Inter Tropical

Convergence Zone (not shown). Moreover, this strong ITCZ
is located in a region characterized by a high humidity in
the mid-levels which is favourable for the maintenance of a
deeper convection for the developing AEWs.

This result is consistent with the mean August–October
anomaly of geopotential height at 850 hPa computed from
1989 to 2003 between AEWs associated with and without
cyclone (Figure 8). Negative values of the geopotential field
indicate the existence of a lower pressure while positive values
are associated with a relatively higher pressure situation
relatively to the basic state. AEWs that developed into
cyclones are characterized by the existence of lower pressure
over Western Africa and the North Atlantic Ocean than
the nondeveloping case. This result is consistent with the
presence of intense AEWs in the developing case. It also
suggests that a more favourable environment for tropical
cyclogenesis exist for developing AEWs. Non-developing
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Figure 8: Anomaly of geopotential height at 850 hPa from the mean
August–October 1989–2003 (m) for AEWs associated with cyclones
(a) and for non-developing AEWs (b).

AEWs appear to be linked to more stable conditions in the
eastern North Atlantic.

4. Case Study

This section presents case study results of two strong AEWs
that occurred during August 1996. The case of 10–13 August
1996, representing a non-developing AEW, is compared to
the case 21-22 August 1996, representing the AEW associated
with Hurricane Fran (developing AEW) initiated on 23
August 1996 close to the West African coast.

Hurricane Fran formed from a tropical AEW that
emerged from the West coast of Africa on 22 August. Fran
was a Cape Verde hurricane (these are cyclones that devel-
oped into TCs fairly close to the Cape Verde Islands typically

in August and September) that moved across the North
Atlantic Ocean during the peak of the hurricane season. Fran
made landfall on the North Carolina coast as a category three
hurricane (major hurricane) on the Saffir/Simpson Hurri-
cane Scale and produced significant storm surge flooding
on the North Carolina coast, widespread wind damage over
North Carolina, and Virginia, and extensive flooding from
the Carolina to Pennsylvania (USA). According to Associated
Press reports, Hurricane Fran was responsible for 34 deaths.
Most of the deaths were caused by flash flooding in the
United States (http://www.nhc.noaa.gov/).

Streamlines associated with the wind field at 700 hPa
from NCEP/NCAR reanalyses during a time sequence of
3 days for two cases of AEWs are shown in Figure 9. The
westward propagation of a well-defined AEW characterized
by a succession of a trough and a ridge is visible during these
two time sequences: the successive positions of the trough for
the non-developing AEW are 5◦W (10 August), 12.5◦W (11
August), and 20◦W (12 August) and for the AEW associated
with the hurricane Fran, they are 5◦W (21 August), 15◦W (22
August), and 20◦W (23 August).

Outgoing Longwave radiation has been used to under-
stand the characteristics of the convection during the
propagation of these two contrasting AEWs (Figure 10). The
developing AEW is accompanied by lower values of OLR
suggesting the presence of a deeper convection in that case
than for the non-developing AEW. An intensification and a
westward propagation of the developing AEW from the West
African coast to the Eastern Atlantic is noted from august
22nd 1996 to august 23rd 1996 consistent with the genesis
of the Hurricane Fran on the 23rd of August 1996 over that
region (21◦W, 14◦N). The reduced convection found in the
non-developing case is in line with Hopsch et al. [22] studies.

The radiosounding of Dakar station (17.5◦W, 15◦N) has
been used to further study the difference between AEWs that
develop in cyclones than the ones that did not. The Mean
time series of humidity between low and mid-levels and of
temperature over the low-levels of the atmosphere in August
1996 (Figure 11) shows that the AEW associated with the
hurricane Fran (F) is characterized by higher humidity and
cooler temperatures than the non-developing AEW (W). The
temperature and the humidity are, respectively, 85% and
13◦C in the northerly sector of the AEW associated with
a cyclone. The relative humidity is also higher at mid to
high levels in the northern sector of the AEW associated
with Hurricane Fran (figure not shown). This result is
consistent with Hopsch et al. [22] studies who found less
humidity at mid to high levels ahead of waves that did not
developed into cyclones. Moisture is known to be crucial
for the development and maintenance of deep convection
[1, 2]. This result suggests that the environment of the non-
developing AEW was less conducive to strong convective
development.

OLR data showed a westward propagating convective
signature for the AEW associated with cyclone Fran. This
strong convection is consistent with the presence of stronger
humidity in low to middle layers and the cooling of low
level temperatures in the case of the AEW that developed
into hurricane Fran (F). This cooling may be due to the
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Figure 9: Streamlines of the 700 hPa wind for (a) the non-developing AEW (10–12 August 1996) and for (b) the AEW associated with a
cyclone (21–23 August 1996). The line represents the location of the trough.
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Figure 10: Outgoing Longwave radiation (OLR) for (a) the non-developing AEW (10–13 August 1996) and for (b) the AEW associated with
a cyclone (20–23 August 1996). The line represents the location of the trough.

cold downdrafts. Moreover, a westward propagating high
humidity is noticed in the developing AEW case when
considering NCEP/NCAR reanalysis (figure not shown).
Reanalyses wind fields also show the propagation of stronger
low level vortices along with a upper level anticyclone leaving

the West African coast on August 22 (figure not shown).
The possible link between the non-developing AEW and a
Saharan air Layer (SAL) event have been studied in order to
better understand the factors that may prevent it to develop
into cyclones. The SAL is a warm, dry, and often dusty
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Figure 11: Mean time series of humidity between low and mid-
levels (a) and of temperature over the low-levels (b) of the
atmosphere in August 1996. The lines represent the passage of the
non-developing AEW (W) and the AEW associated with Fran (F)
troughs over Dakar station.

air mass visible from the space that propagates from the
Saharan desert westward across the Atlantic Ocean and
reaches as far as Florida and the Caribbean [40, 41]. The
SAL is an important meteorological feature over West Africa
and the Atlantic Ocean during the boreal summer [42].
The analysis of the rawinsonde data of Dakar when the
trough of the non-developing AEW is over Dakar on August
11 at 00 Z and 12 Z (Figure 12(a)) shows the presence of
a temperature inversion associated with a decrease of the
humidity at 00 Z. At 12 Z, the temperature increases by
3.2◦C in the inversion layer (between 925 hPa and 850 hPa),
and it is still associated with a decrease of the humidity.
Using the Total Ozone Mapping Spectrometer (TOMS)
aerosol index (http://toms.gsfc.nasa.gov/), we noticed the
presence of dust over Dakar on August 11 (figure not shown)
confirming the occurrence of a SAL event. This SAL event
may induce thermodynamic stability that may play a role in
the nondevelopment of that AEW into a cyclone off the West
African coast.
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Figure 12: Skew-T plot of rawinsonde data at Dakar on August 11
at 00 Z (a) and 12 Z (b).

In order to go further in the characterization of the
degree of conditional instability of these two AEWs, two
instability indexes were computed: the Convective Available
Potential Energy (CAPE) and the Convective Inhibition
(CIN). The CIN is the energy needed to lift an air parcel
vertically and pseudoadiabatically from its originating level
to its level of free convection (LFC).

CIN =
∫ LFC

ps

(Tva − Tv) · Ra · d(ln(P)). (3)
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Table 1: CAPE and CIN values in the case of the AEW associated with a cyclone (a) and in the case of the non-developing AEW (b) over
land, over the coast, and over the ocean.

(a) AEW with a cyclone.

Domain Land (10◦N, 5◦E) Coast (15◦N, 17◦W) Ocean (15◦N, 25◦W)

CAPE (J/kg) 787 1228 1251

CIN (J/kg) 74 13 0

(b) Non-developing AEW.

Domain Land (10◦N, 2◦W) Coast (15◦N, 15◦W) Ocean (15◦N, 22◦W)

CAPE (J/kg) 811 1084 82

CIN (J/kg) 37 18 118

CAPE is the maximum energy available to ascending a
parcel from its level of free convection to its equilibrium level.

CAPE = −
∫ EL

LFC
(Tva − Tv) · R · d(ln(P)), (4)

where LFC: is the level of free convection; EL is the
equilibrium level; R: is the ideal gas constant for dry air; Tv:
is the virtual temperature of the parcel; Tva: is the virtual
temperature of environmental air; P: is the pressure; Ps: is
the surface pressure.

Higher (lower) values of CAPE (CIN) indicate greater
potential for severe weather. Both CAPE and CIN are
among the best indexes for determining the instability of
atmospheric layers.

Using daily NCEP/NCAR reanalysis data, the CAPE and
the CIN were computed at three different positions of the
AEW trough for each disturbance: when the AEW troughs
were located over the continent, when they reach the West
African coast and when they are located over the eastern
North Atlantic Ocean using the information from Figure 9.
Table 1 shows the values of CAPE and CIN for the AEW
associated with a cyclone and for the non-developing AEW,
respectively. In the case of the AEW associated with a
cyclone, the CAPE values increase from the continent to
the ocean (from 787 J kg−1 to 1251 J kg−1) while the CIN
values decrease dramatically (from 74 J kg−1 to 0 J kg−1).
Such an atmosphere is highly unstable and favorable for
deep convection. In the case of the non-developing AEW,
the CAPE values increase from the land to the coast, and
decrease from the coast to the ocean (82 J kg−1), while the
CIN values decrease from the land to the coast and increase
from the coast to the ocean (118 J kg−1). This situation is
less favourable for tropical cyclogenesis. However, as the
CAPE and the CIN are very dependent on the choice of the
ascending air parcel, it is difficult, using data at daily time
scale, to discuss the important impact of sea breeze (below
900 hPa) and on the diurnal cycle which may affect values of
these indexes in Dakar. Moreover, the calculation of CAPE
and CIN with NCEP/NCAR may be also dependent on the
model convective parameterization because of the fact that
Africa is data sparse region (absence of many soundings).

Finally these results suggest that the propagation in an
unstable environment (from the continent to the ocean) of

strong low levels vortices collocated with a high humidity
and an upper level support may be essential for the genesis
of hurricane FRAN.

5. Conclusions and Outlook

Previous studies have shown that although the number of
AEWs in the tropical Atlantic is fairly constant from year to
year, there is a substantial variability in the fraction of AEWs
that develop into tropical cyclones [19].

The objective of this work was to understand the main
differences over the African continent between an AEW
that developed into a cyclone and AEW that did not. We
did not consider synoptic disturbances after the genesis of
associated cyclones or beyond 30◦W over the Ocean. Thus,
we did not deal with the behaviour of the cyclones over
the Main Development Region (MDR). The MDR is the
Atlantic Ocean region that lies between 10◦N and 20◦N and
corresponds to the main cyclogenesis area over the North
Atlantic [43].

A statistical study showed that between 1989 and 2003 (a
period of 15 years), 48 cyclones were born in the eastern part
of the MDR. These cyclones had generally a long lifecycle.
Moreover, they were all associated with AEWs which are
coming from the southern track as well as from the northern
track but especially from the southern track.

A composite study of the characteristics of these AEWs
before their genesis days was carried out and these charac-
teristics were compared to those of non-developing AEWs.
Developing AEWs are associated with the highest PV and
negative intensity of the meridional gradient of the PV over
the continent and further over the North Atlantic Ocean
suggesting that developing AEWs are stronger than non-
developing AEWs. Moreover, developing AEWs are more
active (greater mean relative vorticity at 850 hPa) over the
continent and the ocean. From the point of view of the
thermodynamic, highest values of potential of convection are
found for developing AEWs indicating that the atmosphere
is more unstable in this case. This is consistent with the
existence of stronger convection and of a monsoon stronger
and deeper in latitude. All these characteristics over West
Africa and the North Atlantic Ocean for developing AEWs
confirm the existence of a more favourable environment
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for tropical cyclogenesis. This composite study suggests that
dynamic and thermodynamic conditions are both essential
parameters for the development of an AEW into a cyclone.

A case study of the characteristics of an AEW associated
with hurricane Fran was carried out and compared to a
non-developing AEW. The rawinsonde data from Dakar
station showed that the AEW associated with a cyclone is
characterized by the existence of high humidity from the
surface to the upper levels; while the non-developing AEW is
associated with a Saharan Air Layer event which may prevent
it to develop into a cyclone. The computation of CAPE and
CIN confirms that the atmosphere is highly unstable in the
case of the AEW associated with a cyclone; CAPE values
increasing from the continent to the ocean while CIN values
decreasing dramatically. From this study, it appears that the
development of the AEW to Hurricane Fran is the result of
the conjunction of favourable conditions: strong low-levels
vortices, high humidity, an unstable environment, and an
upper level support. Composite and case studies show that
favourable conditions for cyclonic activity for the case of
developing AEWs are present over the North Atlantic as
well as over Africa, suggesting that North Atlantic cyclonic
activity may be forecasted from Africa.

Research on North Atlantic TCs precursors over the
African continent will be continued through modelling
studies. The differences between developing AEWs and non-
developing AEWs will be depicted by performing sensitivity
studies with regional climate models. This study needs to
be continued further using data with a better temporal
resolution. Interactions between AEWs and active/inactive
phase of the West African monsoon as well as with dry
intrusions from the Saharan Air Layer and mid-latitude
need to be investigated to better understand and define
atmospheric characteristics over the African continent and
Eastern Atlantic that are potential precursors to the develop-
ment of North Atlantic TCs.
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Particle and trace gas emissions due to anthropogenic activity are expected to increase significantly in West Africa over the next
few decades due to rising population and more energy intensive lifestyles. Here we perform 3D global chemistry-transport model
calculations for 2025 and 2050 using both a “business-as-usual” (A1B) and “clean economy” (B1) future anthropogenic emission
scenario to focus on the changes in the distribution and uncertainties associated with tropospheric O3 due to the various projected
emission scenarios. When compared to the present-day troposphere we find that there are significant increases in tropospheric O3

for the A1B emission scenario, with the largest increases being located in the lower troposphere near the source regions and into the
Sahel around 15–20◦N. In part this increase is due to more efficient NOx re-cycling related to increases in the background methane
concentrations. Examining the uncertainty across different emission inventories reveals that there is an associated uncertainty of
up to∼20% in the predicted increases at 2025 and 2050. For the upper troposphere, where increases in O3 have a more pronounced
impact on radiative forcing, the uncertainty is influenced by transport of O3 rich air from Asia on the Tropical Easterly Jet.

1. Introduction

West Africa (WA) is already one of the most densely
populated regions of the African continent and thus is
subject to high gaseous and particulate emissions associated
with anthropogenic activities such as transport, energy
production, biofuel use, industrial processes, and biomass
burning (BB). For instance, high concentrations of tropo-
spheric carbon monoxide (CO), nitrogen oxides (NOx),
and volatile organic compounds (VOCs) have recently been
measured in the lower troposphere (LT) near Lagos, Nigeria
(6.4◦N, 3.4◦E), indicating that large urban conurbations have
a direct influence on regional air quality in WA [1]. The
population of WA is expected to double to 170 million
inhabitants by 2050 [2] which will result in associated
increases in such emissions. The region is also subject to
unique meteorological variability [3] which influences the
long-range transport both into and out of the region of
pollutants from, for example, large-scale BB practices in

southern Africa during the West African Monsoon which
are active during June-July-August (JJA) [4]. Therefore, any
increases in land-based and sea-based emissions have the
potential to influence the troposphere over a large region
of Equatorial Africa (EA) and, thus, the oxidizing capacity
of the tropical troposphere, where a dominant fraction of
chemical oxidation occurs because of the locally high photo-
chemical activity, humidity, and air temperatures.

Although recent advances have been made in under-
standing the physical and chemical processes affecting
the troposphere over West Africa (e.g., [5]), significant
uncertainties and biases remain with respect to reproduc-
ing the chemical composition of the African troposphere
using large-scale chemistry-transport models (CTMs) and
chemistry-climate models (CCMs) [6]. Major uncertainties
arise from the selection and development of parameteriza-
tions describing convective transport [7], lightning activity
[8], biogenic activity [9], and emission estimates related to
BB [10].
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Estimates of the future trend in anthropogenic emissions,
for example, for the timeline 2000–2050, vary depending
on the likelihood that effective legislation is introduced
regionally to tackle growing air-quality issues. This has led to
the development of a variety of emission scenarios [11] with
both increasing (A1B, “business-as-usual”) and decreasing
(B1, “clean economy”) global totals where, up till 2007, the
trend in global anthropogenic emissions is thought to have
exceeded the A1B scenario [12]. Although the A1B scenario
can be considered to be the most realistic estimate provided
in the Special Report on Emission Scenarios (SRES, [11]),
the recent economic slowdown is thought to have dampened
regional emissions for, for example, Europe, although the
effect for WA remains uncertain. This has consequences for
climate by introducing both perturbations in the radiative
forcing (RF) of the atmosphere due to increased tropo-
spheric ozone (O3) [13] and the subsequent influence on
atmospheric lifetimes of long-lived greenhouse gases such as
methane (CH4). Here, we present simulations for the year
2025 and 2050 using both the A1B and B1 emission scenarios
and compare the resulting perturbations in important tropo-
spheric pollutants and oxidants with those simulated for the
year 2003, with a special emphasis on tropospheric O3. We
also quantify the uncertainty introduced into predictions of
future tropospheric O3 distribution caused by the different
assumptions entering emission inventories.

2. Experimental Setup and
Emission Inventories

For the purpose of this study, we use the 3D global CTM
TM4, which has recently participated in a number of model-
ing studies focusing on EA and the tropical troposphere over
the Atlantic Ocean [4, 7–9]. Simulations were performed as
part of the EU-integrated project QUANTIFY (Quantifying
the Climate Impact of Global and European Transport
Systems, http://www.pa.op.dlr.de/quantify/), whose princi-
ple focus was to investigate the influence of future transport
emissions on climate and air quality. The model was run
at a horizontal resolution of 3◦ × 2◦ using 34 vertical levels
and driven using operational forecast data provided by the
European Centre for Medium-Range Weather Forecasting
(ECMWF) using an update frequency of 6 hours. TM4
uses the modified CBM4 chemical mechanism [14] which
includes CO-CH4-NOx-SOx chemistry. Photolysis is calcu-
lated using an efficient parameterization, with modifications
to account for attenuation above cloud [15]. To differentiate
the influence of increasing anthropogenic emissions on
tropospheric O3 from possible trends in meteorological
variables, we adopt the meteorology for the year 2003
throughout the study, which has been used for previous
model intercomparisons (e.g., [16, 17]). These intercompar-
ison studies have shown that TM4 exhibits chemical changes
for 2003 that are close to an ensemble model mean using a
range of state-of-the-art CTMs using the current present-
day setup [17]. A one-year spin-up period is performed
for all simulations using identical emission inventories and
ECMWF meteorology for the year 2002.

Anthropogenic emissions from non-transport sour-
ces (including biofuel use) were taken from the
EDGAR32FT2000 inventory [18] and scaled to the
respective future emission scenarios [11]. Emissions for
road transport, shipping, and aviation were taken from the
latest recommendations as provided in the EU-QUANTIFY
project [19–21]. The non-transport emissions are segregated
with respect to month to capture the changing latitudinal
distribution of BB activity, whereas those related to transport
are annual averages. The BB contribution is accounted for
by adopting the Global Fire Emission Database version
1 (GFEDv1) estimates for 2000 distributed using average
fire activity for the period 1997–2002 [22]. This year is
considered to be an average year in terms of annual BB
activity therefore does not bias the simulations due to, for
example, El Nino signals. Biogenic emissions of isoprene
and soil NOx originate from online simulations with the
EMAC CCM [23] averaged between 1998–2005. Injection
heights are applied when introducing emissions to account
for, for example, chimney stacks and pyrogenic convection
during BB [24]. Lightening NOx is scaled to a global total of
5 TgN/yr [25].

For the future simulations, anthropogenic NOx, CO,
SO2 and nonmethane hydrocarbon emissions are prescribed
using estimates based on the A1B and B1 emission scenarios.
No changes in BB, biogenic, or lightning emissions are
applied. To account for the continuous increase in global
CH4 concentrations, albeit with significant interannual and
decadal variability (e.g., [26]), the surface mixing ratios
are fixed at ∼1.99 ppmv and ∼2.40 ppmv for 2025 and
2050, respectively, which assumes an average growth rate
of 2 ppbv/yr−1 [27]. The potential changes in the overhead
stratospheric O3 column are not accounted for, where the
total column is constrained using satellite measurements
for 2003. The present and future emission inventories are
applied globally rather than just for the African continent.

3. The Distribution and Growth in
Anthropogenic NOx Emissions for
West Africa

The annual distribution of anthropogenic NOx emissions
across WA and Sub-Saharan Africa for the present day
(2003) is shown in Figure 1, where the contributions from
non-transport and transport emission sources are shown
separately with the integrated total from all transport sectors
being projected directly onto the surface. It can be seen
that the majority of non-transport emissions occur in the
latitudinal range 5–10◦N. Within this latitudinal band, the
distribution of non-transport NOx is rather homogeneous
with respect to longitude as a cumulative sum of both indus-
trial and BB emissions is shown, as provided in the emission
inventory. The distribution of urban conurbations can be
clearly seen in the distribution of transport NOx shown in
Figure 1(b), with many of the major cities with large road
transport emissions being located on the southern coastline
of WA (e.g., Accra, Ghana (5.5◦N, 0.2◦W); Monrovia, Liberia
(6.3◦N, 10.8◦W); Porto-Nova, Benin (6.5◦N, 2.6◦E)). The
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Figure 2: The evolution of (i) non-transport- and (ii) transport-based anthropogenic NOx emissions for West Africa (0–30◦N, 20◦W–10◦E)
for the timeline 2000–2050. Both the A1B (solid line) and B1 (dashed line) future emission scenarios are shown.

importance of shipping for introducing appreciable NOx

emissions into the pristine Marine Boundary layer near the
coastline is also visible.

The increase in annual NOx emissions for the A1B and B1
emission scenarios over the timeline 2000–2050 are shown

in Figure 2, as integrated between 0◦–30◦N and 23◦W–10◦E.
The non-transport contribution clearly dominates, being
approximately twice than of the corresponding transport
contribution. For the A1 scenario, there is an increase of
∼25% until 2025 in the non-transport component, after
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Figure 3: The seasonal zonal mean of tropospheric O3 over West Africa during JJA during 2003 averaged between 23◦W–10◦E. Percentage
differences are shown when compared against the A1B 2025 (middle) and A1B 2050 (right) simulations.

which a decrease of a few percent occurs. For the B1 scenario,
there is a much lower rate of increase in the non-transport
component by 2025, being ∼20% lower than for the A1B.
The differences between emission scenarios then fall to ∼5%
by 2050.

For the transport NOx emissions in and around WA,
the contribution due to regional shipping dominates during
2003, which is in contrast to the pattern at global scale where
road transport is the dominant transport emission source
[17]. The contribution due to shipping continues to increase
across the entire timeline, increasing by ∼100% (∼20%)
for the A1B (B1) scenarios at 2050. For road transport, a
maximum occurs in 2025 in the A1B scenario, followed by a
significant decrease in 2050 as a result of the introduction of
mitigation technology (although the total number of vehicles
is thought to increase). Thus, by 2050, road transport
becomes the lowest transport NOx emission source for WA.
For the B1 scenario, a steady decrease is projected to occur
along the whole timeline, again making the lowest relative
contribution across all sectors by 2050 [19]. The smallest
contribution from the transport sector is due to air traffic,
where values are scaled up by 20 in Figure 2(b) for clarity.
However, the influence of the resulting O3 formed by aircraft
NOx in terms of RF has been shown to be relatively large
for air traffic as the emissions are injected directly into the
upper troposphere [28]. Again this is different to the future
emission trends at global scale, which show that shipping
and road become approximately equal in 2025 and invert for
2050.

It should be noted that due to changes in the efficiency of
NOx recycling in a future atmosphere as a result of increasing

background CH4 concentrations, the net production effi-
ciency of O3 per molecule of NOx increases regardless of
decreases in NOx emissions (see below). At the global scale,
the influence of road transport on tropospheric composition
has been found to be most important [28]. However, the fact
that shipping emissions dominate for the WA region suggests
that the regional RF is also influenced significantly by this
transport sector.

4. Increases in Seasonal Tropospheric O3 over
West Africa

Here, we focus our analysis on the monsoon season (JJA)
thus minimizing the influence of BB in WA [22]. Figure 3
shows the zonal mean distribution in tropospheric O3 during
JJA between 0◦–30◦N for JJA during 2003. The mean values
are averaged between 23◦W–10◦E to obtain the zonal mean
so as to include only the emission sources in WA. It can
be seen that the mixing ratios in the LT between 5–20◦N
are quite low (∼20–40 ppb), where the latitudinal variability
in the zonal mean has features similar to those observed
by airborne observations [29]. For latitudes nearer to the
equator and above 20◦N, the mixing ratios increase to
>50 ppb due to the influence of BB in southern Africa and
influx from Europe, respectively.

Regarding the performance of TM4, past studies have
shown that the accuracy of the model in the WA region
is heavily constrained by the quality of the meteorological
fields used to drive the model, where undersampling of
atmospheric parameters can lead to deficiencies in, for
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Figure 4: Seasonal mean of tropospheric O3 in the lowest km of the atmosphere for JJA during 2003 over West Africa. Percentage differences
are shown when compared against the A1B 2025 (middle) and A1B 2050 (right) simulations.

example, the location of the African Easterly Jet-North
(AEJ-N) [4, 8]. Comparisons of colocated O3 profiles made
against ozonesondes taken on the coast in Benin show that
the mixing ratios in the middle troposphere are generally
underpredicted for JJA [4], although capturing the correct
airflow on the land-sea boundary is difficult in coarse CTMs.
For locations further in land, comparisons made against a
number of different aircraft measurements for August have
shown better agreement throughout the troposphere [8].
For the UT, TM4 has been shown to capture the latitudinal
gradient in UT O3 rather well [7]. These previous studies
provide some confidence that TM4 can capture the correct
zonal distribution of tropospheric O3 fairly well.

The associated percentage increases for the A1B scenario
simulations for 2025 (middle) and 2050 (top) are also
shown. For the upper troposphere (UT), changes in chemical
composition are influenced by both convective uplift of air-
masses from Central Africa [30] and long-range transport
of chemically processed air-masses from, for example, India
and Asia which enter the region via the Tropical Easterly Jet
(TEJ) [31]. The largest increases occur in the LT between
7–15◦N, directly above and to the north of where the main
anthropogenic NOx emissions are released (c.f. Figure 1).

Strong convective transport lofts NOx and O3 precursors
upward out of the boundary layer into the free troposphere,
causing enhanced tropospheric O3 formation in the outflow
of convective systems and the African UT (e.g., [7, 31]). This
increase subsequently imposes an associated perturbation in
the RF in the UT [16]. Such perturbations in RF have the
potential to both modify large-scale circulation by altering

transport pathways (convection, Hadley and Brewer Dobson
circulations), change the temperature of the tropopause and
the altitude of the cold point. Moreover, when accounting
for chemical processes important for the lower stratosphere
(LS), increases in UT O3 are typically accompanied by
reductions in LS O3 [13]. This would further modify the
associated potential chemistry-climate feedbacks.

The corresponding changes that occur in the lowest
kilometer of the atmosphere are shown in Figure 4. For the
present day, a minimum in O3 mixing ratios occurs over
a wide region between 7–20◦N. Moving northward of 5◦N,
there are both decreasing NOx emissions and a change in
the vegetation type which enhances the dry deposition of O3.
Observations show that such a distribution is realistic, where
the present-day surface O3 mixing ratios are relatively low
between 10–15◦N (<25 ppbv) [29]. Around the equator, the
transport of polluted air from BB in southern Africa causes
increases in near surface mixing ratios around 40–55 ppb.

Comparing the future simulations shows that the largest
increases in near surface O3 occur over Nigeria, southern
Mali, and Burkina Faso, which increases the near surface O3

mixing ratios to ∼40 ppb. These large increases are situated
above the anthropogenic non-transport emission sources,
where the increases also extend northwards due to the
atmospheric wind circulation in the lower atmosphere trans-
porting both O3 and its precursors inland [32]. Additional
sensitivity studies (not shown) which apply∼5% decrease on
each of the transport sectors reveal that the shipping sector
makes a significantly contribution to O3 formation (∼5–
10%) up the west coast of Africa in the shipping route to
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Europe, which then affects the background in the Sahel and
Sahara by advection inland. Increases due to road transport
are limited to between ∼2–4%, where there is a signature
from the North due to transport in North Africa and the
Middle East. The highest increases in surface O3 (∼100%) are
associated with regions which exhibit relatively low mixing
of the order of 15–20 ppb (e.g., 10–15◦N, 0–10◦W). Near the
equator, where near surface O3 is affected by southern BB,
decreases of between 15–25%.

As the timeline progresses, increases of ∼10–15% occur
further northward into Saharan Africa due to the continually
increasing shipping emissions (Figure 2). Thus, near surface
O3, in the future, may reach values typically found in
more polluted regions such as Europe, which has negative
consequences for, for example, crop yields and vegetation
[33].

In part, the increase in tropospheric O3 is caused by
enhanced NOx recycling due to higher background CH4 in
a future atmosphere [34] via the following cycle:

O3 + hv(+H2O) −→ 2OH (1)

OH + CH4(+O2) −→ H2O + CH3O2 (2)

NO + CH3O2 −→ NO2 + HCHO + HO2 (3)

NO + HO2 −→ NO2 + OH (4)

NO2 + hv(+O2) −→ O3 (5)

There is the additional feedback in that increasing O3

enhances OH production as a result of a faster net rate of

reaction (1), thus modifying oxidizing capacity. Examining
the chemical budget shows that for future atmospheres
the net loss of OH by oxidation of CO only increases
marginally compared to net loss via reaction (2). However,
the chain length for the NOx recycling mechanism is limited
somewhat due to a larger fraction of the available nitrogen
being converted into HNO3, which is subsequently lost
by dry/wet deposition processes in the lower LT. Possible
increases in precipitation frequency and intensity due to a
changing climate could introduce more efficient loss than
accounted for in this study, although the increasing impor-
tance of soil NOx emissions in the presence of increasing
precipitation would buffer this loss to a certain degree
[9].

5. Uncertainty in Future O3 Increases due to
Anthropogenic Emission Sources

In this section, we investigate the uncertainty introduced
with respect to the distribution of future tropospheric O3

over WA as a result of applying the different projections
for the evolution of anthropogenic NOx emissions over
the chosen timeline. For this purpose, we show both the
Absolute Uncertainty (AU), defined as the difference in
the tropospheric O3 distribution between the A1B and B1
scenarios, and the Relative Uncertainty (RU), defined as the
AU divided by the present day distribution.

Figure 5 shows the AU (left) and RU (right) for the
zonal seasonal mean during JJA above WA for 2025. The
AU for 2025 in the LT shows that as well as the uncertainty
introduced by the differences in the non-transport NOx

emissions, there is a signature from the shipping sector. This
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results in an uncertainty of around ∼8–10% in near surface
O3 over the tropical Atlantic Ocean between 0–5◦N. How-
ever, it should be noted that these simulations do not account
for subgrid processes such as plume chemistry, which has
been shown to modify the resulting O3 distribution when
applied to the release of, for example, aircraft emissions
[35], reducing the efficiency of O3 production. The effect
of convective uplift of NOx precursors can be seen directly
above the main non-transport source regions. For the UT,
the AU becomes more homogeneous with respect to latitude
due to the influence of long-range transport of elevated O3

into the region (see below). The distribution of RU shows
that the uncertainty in the UT is relatively high, with a larger
uncertainty occurring towards the tropics. In terms of RF,
this is the most important uncertainty due to the largest
perturbations being caused by changes in O3 which occur in
the UT [36].

In Figure 6, we show the corresponding differences for
2050. Although the AU is of the same order of magnitude
as that shown for 2025, the largest differences occur nearer
to the equator, with the uncertainty in the LT north of
20◦N dropping to below ∼12%. This is due to the difference
in the non-transport NOx emissions decreasing between
the emission scenarios (c.f. Figure 2(a)) and due to the
strong mitigation practices that have occurred in Europe
and North Africa between 2025 and 2050 (not shown),
which reduces influx of O3, O3 precursors, and CO into
the region. For the RU, the largest uncertainty is again
directly above the source regions of the non-transport
emissions, but there is an increase in the uncertainty
towards the equator again due to the increasing shipping
emissions.

Finally, in Figure 7, we show the seasonal distribution
of tropospheric O3 between 150–200 hPa over WA, along
with the corresponding RU for 2025 and 2050. The signature
in the UT RU values due to convective uplift of boundary
layer air over WA becomes less obvious at 2050, where
it is rather the influence of polluted air transported from
Asia which results in the higher uncertainty towards the
east (not shown) [31]. Therefore, this implies that the
largest uncertainty in the UT is most likely related to the
large uncertainties associated with future Asian emission
inventories.

The uncertainties in future tropospheric O3 distributions
presented here rely somewhat on the quality of the present-
day emission inventories, the meteorological data used to
drive the model, the chemical mechanism employed, and
whether the estimates in future anthropogenic emissions are
accurate. At the current time, large-scale global chemistry
transport models do have problems being able to capture
the small scale variability and the correct horizontal and
vertical distribution of tropospheric O3 for the region [8].
For instance, one main deficiency for WA is that the transport
of pollutants towards the West during the monsoon is
not optimal, which will most likely affect the distribution
of AU and RU shown in Figures 5–7. Quantifying this
additional uncertainty is not currently feasible as it would
require extensive comparisons of modeled O3 against an
observational dataset available for the entire season. To date
measurements in Africa are only available at few locations
usually situated near urban centres, making extensive model
validation for any arbitrary year very difficult. It should
also be noted that performing such simulations at a higher
horizontal resolution of, for example, 1◦×1◦ would also alter
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the results due to the dependency of O3 formation on model
configuration [35].

6. Conclusions

Analysing the trends in future anthropogenic emission
scenarios for the West African region (0–30◦N, 20◦W–10◦E)
reveals that significant differences exist for NOx between a
“business-as-usual” scenario (A1B) and a “clean economy”
scenario (B1), where differences of ∼20% in the emissions
from non-transport based sources are projected for 2025,
which diminish to ∼5% at 2050. In contrast to the global
emission estimates, NOx emissions from shipping were
found to dominate for the transport sector over the timeline
2000–2050, where a significant reduction in NOx (∼80%)
is envisaged for road transport, regardless of the emission
scenario adopted.

By applying these emission estimates in 3D global
chemistry-transport simulations, we have shown that for the
most realistic emission scenario (A1B), there are significant
increases in tropospheric O3 over West Africa throughout
the troposphere. This will have important implications for
radiative forcing, surface air quality, the oxidizing potential
of the atmosphere, and on transport in the westerly outflow.
Examining the chemical budget reveals that, in part, this
increase in O3 is due to more efficient NOx recycling
from the projected increase in the background methane

concentrations. At the surface, the largest increases in near
surface O3 occur between 10–15◦N near the non-transport
emission sources for both 2025 and 2050. It is shown that
the projected increases in anthropogenic NOx emissions will
significantly degrade air quality over a wide region in the
near future. By calculating the uncertainty in the distribution
of tropospheric O3 from the application of the different
emission inventories, we find that the uncertainty over the
region is ∼20%, with a higher uncertainty for the lower
troposphere over the locations containing strong emission
sources and towards the equator due to shipping. For 2050,
the largest absolute uncertainty shifts towards the equator
due to the strong mitigation of anthropogenic emissions in
Europe and the increasing importance of shipping emissions.
For the UT, a larger uncertainty exists related to the long-
range transport of polluted air from Asia carried into the
region in the Tropical Easterly Jet and the difference in
the projected increase in future Asian emissions between
scenarios.
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