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Abstract

The peculiar location of West Africa on the World map suggests that the region is prone to be under severe atmospheric influences from
other regions. With a population of over 300 million people, the human activity and its corresponding impact on the climate system of the
region is worth noting. The meteorological exploration of funded projects like AERONET, AMMA, DACCIWA etc. in West Africa shows
the peculiarity of the danger that life-forms in West Africa might be facing in the next two decades. The documentation of salient discov-
eries over the West Africa Monsoon and whose challenges may be the possible answers to questions on the West Africa climate system.
A re-view on the satellite exploration within 2002-2006 shows the anomalies which require intense concern by all and sundry.
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1. Introduction

The West Africa (WA) region occupies a strategic location of the
African Continent. The region is located at the north of the equator
and westward into the Atlantic Ocean. The region is unique because
it encompasses major climatic zones. WA comprises of a dense rain
forest along the coastal belt and extends to the sub-Sahelian savanna
in the north. There are over 72 million hectares of forest in West
Africa (Mari et al., 2011) which contributes to its ozone distribu-
tion. The life form activities within WA are somewhat unique via
the aerosol loadings throughout each year. The aerosol loadings
across this region is uncontrolled for now (Emetere et al., 2017a,b;
Emetere 2016; Omotosho et al., 2015) due to industrial, agricul-
tural, Sahara dust and domestic activities. This region experiences
monsoon signatures such as distinct seasonal shift in the prevailing
winds and alternation between winter dry conditions and summer
rainy conditions (e.g. Janicot et al., 2011). The WA region is made
up of about eighteen countries namely Nigeria, Ghana, Benin,
Burkina Faso, Cameroun, Cape Verde, Cote d'lvoire, Equatorial
Guinea, Gambia, Guinea, Guinea Bissau, Liberia, Mali, Mauritania,
Niger, Senegal, Sierra Leone and Togo (Figure 1). According to the
United States agency, the population of human in WA is over 300
million (Feedthenation, 2015). The predominant occupation is ag-
riculture; hence, agricultural pollution from biomass burning is ex-
pected to be relatively high. Thus, undoubtedly the aerosol loading
over WA has influenced its climate system. The explorative activi-
ties of funded projects (such as the AErosol RObotic NETwork
(AERONET), the African Monsoon Multidisciplinary Analyses
(AMMA), the Dynamics-aerosol-chemistry-cloud interactions in
West Africa (DACCIWA) efforts, the West Africa Climate DR&D
Project, the Saharan West African Monsoon Multiscale Analysis
(SWAMMA), the West African Science Service Center on Climate
Change and Adapted Land Use (WASCAL)) projects to unravel the

climatic structure of WA and its relation to global climate has
yielded much results with its peculiar challenges which are mainly
financial.

DACCIWA is a project in WA funded by the European Union 7th
Framework Program. The major objective is to investigate the ef-
fect of emissions on the atmospheric composition over South and
West Africa. The type of emissions-targeted include anthropogenic
and natural. AERONET is a project funded by managed by NASA's
Goddard Space Flight Center and PHOtométrie pour le Traitement
Opérationnel de Normalisation Satellitaire (PHOTONS). The pro-
ject has over 18 ground-based sun photometers at different sites to
measure aerosol optical thickness around WA. Most of the sites are
not fully functional. The challenges would be discussed in one of
the section. AMMA is an international project which started in 2003
(Redelsperger et al., 2006) and its major objective is to unravel the
West African monsoon (WAM) and its variability. The AMMA
project spreads across many locations of WA. AMMA utilizes sat-
ellite data and diverse modelling studies. WASCAL is a large-scale
project that focuses on designed programs to assist to monitor and
tackle climate change challenges in West Africa. SWAMMA is
funded by NERC and its primary objective is to evaluate the role of
Saharan monsoon, deep cumulonimbus convection and Saharan
dust over Africa. The end-goal is to determine the extent to which
seasonal rainfall affects the monsoon's boundary conditions- pro-
vided by the global climate system. West Africa Climate DR&D
Project is intended to predict the frequency of droughts and flood-
ing in WA and to investigate the extent of involvement of the WA
weather to understand the spread of common diseases like malaria,
dengue and yellow fever.

In this paper, we shall be discussing the features of the West African
climate i.e. its Monsoon, funded meteorological projects within
WA and their challenges. The main finding of this paper is that there
is an utmost need to revamp the ground stations in West Africa.
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Fig. 1: Map of West Africa.

2. The features of the west African climate sys-
tem

The West African Monsoon (WAM) is characterized by strong pre-
cipitation and rich vegetation at the coastal regions of Nigeria,
Ghana, Togo, Cape Verde, Cote d'lvoire, Liberia, Sierra Leone,
Guinea, Gambia and Senegal. Its precipitation variability is affected
by many factors e.g. global climate teleconnections and the yearly
aerosol loading. The aerosol loading over WA can be monitored by
aerosol optical depth measurements. Aerosol Optical Depth (AOD)
is a vital parameter that applies to determining air quality that af-
fects environment and life-forms; monitoring volcanic and biomass
pollution; forecasting and now-casting earth radiation budget and
climate change; estimating variability of aerosols and its size distri-
bution in the atmosphere. AOD can be measured using either
ground (sun photometer) or remotely sensed technique. AERONET
is a typical known for harnessing ground measurements. It gives
quality data on all aerosol column properties. However, it has a ma-
jor limitation of few operational stations in developing and remote
regions like WA. The principle of remotely sensed technique is
based on the ability of satellite to capture particulates in the atmos-
phere via reflection and absorption of visible and infrared light. Re-
mote sensed technique is available on some site. For example,
Aura/OMI are used to obtain aerosol optical depth at ground pixel
resolution i.e. 0.250 latitude/longitude grid and 1o latitude/longi-
tude grid resolution; Meteor-3, TOMS and NIMBUS 7 are used to
obtain aerosol optical depth at ground pixel resolution i.e. 10 X
1.250 latitude/longitude grid resolution. Other satellite sites for ob-
taining AOD are Moderate Resolution Imaging Spectroradiometer
(MODIS), Advanced Very High Resolution Radiometer (AVHRR),
MEdium Resolution Imaging Spectrometer (MERIS), Polarization
and Directionality of the Earth's Reflectances (POLDER) over
ocean and Multi-angle Imaging SpectroRadiometer (MISR), Ad-
vanced Along Track Scanning Radiometer (AATSR), Total Ozone
Mapping Spectrometer (TOMS), Ozone Monitoring Instrument
(OMI), MODIS, Atmospheric Infrared Sounder (AIRS), TIROS
Operational Vertical Sounder (TOVS) over land.

Global climate teleconnections includes climatic oscillations and
regional climate systems. The climatic oscillation includes El Nino-

Southern Oscillation and North Atlantic Oscillation. The North At-
lantic Oscillation originates eastward from the southwestern North
Atlantic to Portugal and WA. The North Atlantic Oscillation is re-
sponsible for the abnormalities in temperature and precipitation pat-
terns (NOA, 2015). El Nino-Southern Oscillation (ENSO) is re-
ferred as the most influential natural fluctuation of climate that oc-
curs on interannual time-scales. ENSO originates in the tropical Pa-
cific and extends globally to all climate systems. The Maden-Julian
Oscillation (MJO) also influences temperature and precipitation
patterns in Indian and West Africa monsoon. The regional climate
systems include inter-tropical discontinuity, subtropical anticy-
clones, atmospheric winds, Jet stream, monsoons, sea surface tem-
perature (SST) anomalies etc. Rainfall anomalies over the sub-Sa-
haran of West Africa are primarily triggered by sea surface temper-
ature (SST) anomalies (Nicholson, 2000).

West Africa region (WAR) experiences dry northeasterly winds
coming from the Sahara Desert during the winter. This experience
leads drastically to a reduction in rainfall. During summer season,
WAR experiences low-level southwesterly winds and high rainfall
rates (Hall et al., 2006). Popular models Global Circulation Models
(GCMs) have failed to simulate-accurately rainfall in the past and
present over West Africa. This is because rainfall patterns in West
Africa are complex in nature. The general projections had been that
the Sahelian coastline may experience a decrease in precipitation
by around 15 to 20% by 2100 (IPCC, 2007). These coupled general
circulation models (CGCMs) has different parameterizations to rep-
resent sub-gridscale processes such as clouds and boundary layer
turbulence. They typically have different horizontal and vertical
resolutions, hence, they enhance coupling between the atmosphere,
ocean and land surface. Traditional CGCMs are unable to capture
the monsoon because they cannot represent the complex, multi-
scale interactions known to be associated with the monsoon. This
explains the limitation of traditional models. Traditional model
compulsorily parameterize sub-grid scale processes. This makes the
traditional model to capture the important feedbacks that occur be-
tween small scale convection.

The topography of WAM is characterized by forest along the
Guinea coast in the south of the region, shrub and grasslands in the
Sahel in the mid-region, bare soil and desert in the north of the re-
gion. However, the largest aerosol emission sources in the WAM
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are the mineral dust from Sahara and Sahel through its northern re-
gion and biomass burning smokes from the southern region. The
WAM is also influenced by propagating mesoscale convective sys-
tems to the planetary scale circulation that drives the monsoon
winds (Hall et al.,, 2006). Haung et al., (2008) reported that the aer-
osol-related can be traced back to African dust and smoke sources.
For example, there is a reduction of precipitation when aerosol is
anomalously high. This is mostly experienced during boreal cold
season i.e. from late autumn to winter. Generally, the onset of the
monsoon is typically in June — during the wet season. In the lower
troposphere (LT) of WAM, the wind flow is characterized by the
south-westerly while the upper troposphere (UT) is characterized
by the Tropical Easterly Jet (Peyrille et al., 2007). Within the trop-
osphere, the wind activity dictates the tropospheric ozone (Aghedo
et al., 2007) which is initiated by biogenic emissions of volatile or-
ganic compounds (VOCs) from West Africa. The West African re-
gion is reported to be one of the sources of biogenic nitrogen oxides
from lightning (Schumann et al., 2007). Hao et al., (1994) affirmed
that biomass burning in West Africa is linked to agricultural prac-
tice and other anthropogenic activities which are located at latitudes
south of 100 N and the Southern Hemisphere i.e. outside of West
Africa (between the equator and 100 S). The aerosol composition
of the troposphere in WAM was analyzed via the flying programme
of the African Monsoon Multidisciplinary Analysis (AMMA) pro-
ject (Lebel et al., 2009). Reeves et al., (2010) gave details of the
flying programme of AMMA. The measurements were carried out
via Special Observational Periods 1 and 2 (SOP 1 and SOP 2) with
the aircraft loaded with different sensors for chemical measure-
ments. SOP 1 targeted month of June (i.e. the onset of the Monsoon
development) via five research aircraft (three based in Niamey, Ni-
ger and two in Ouagadougou, Burkina Faso). SOP 2 targeted the
months of July and August 2006 ( i.e. when monsoon onset is max-
imum) via another five research aircraft (three based in Niamey,
Niger and two in Ouagadougou, Burkina Faso). The research air-
craft had their specific function. For example, ATR-42 focused on
the lower troposphere, BAe-146 on the lower and mid-troposphere,
Falcons on the upper troposphere and M55 on the upper tropo-
sphere/lower stratosphere. The research aircraft made comprehen-
sive measurements of aerosols and trace gases i.e. vertical and hor-
izontal distribution from the planetary boundary layer to the lower
stratosphere. The geographical location of the site ranges from 2 N
to 21 N, and between 10 W and 7 E.

The major climatic zone of West Africa as shown in figure (2) be-
low- stretches across five latitudinal zones of 5° each namely zones
0-5°N,5-10°N, 10 - 15°N, 15 - 20°N and 20 - 25°N. West Africa
has a tropical climate though the far northern portion of West Africa
is arid and stretches into the Sahara desert. The climatic zones of
West Africa are shown in figure (2) below.

Raicich et al. (2003) discovered via observational analysis the rela-
tionships between the WA and the Mediterranean climate at inter-
annual timescale. This discovery maybe hinged on Tropical East-
erly Jet (TEJ) which circulates across West Africa during the boreal
summer season. TEJ is associated with the Mediterranean climate
and emanates from the Asian monsoon. The four different climatic
zones in west Africa are Sahelian zone, Sudano-Sahelian zone, Su-
danian zone and Guinean zone. Sahelian zone is a region of peren-
nial vegetation, the average annual precipitation ranges between
250 and 500 mm. The Sahel zone is dominated by the WAM. As
discussed earlier, large-scale circulation-transporting moisture
from the Atlantic Ocean into the land is expected in Sahel zone. The
Sahel zone is also characterized by wind reversal in the lower at-
mosphere. Sudano-Sahelian zone is a region where average annual
precipitation ranges from 500 to 900 mm. Sudanian zone is a region

of an average annual precipitation that ranges from 900 to 1100 mm.

Guinean zone is a region of an average annual precipitation exceed-
ing 1100 mm. Atmospheric circulation pattern in the four zones is
controlled by some salient factors like African Easterly Jet (AEJ),
Intertropical Convergence Zone (ITCZ), Intertropical Discontinuity
(ITD), associated heat low (HL), Subtropical Jet (STJ), troughs and
cyclonic centres associated with African Easterly Waves (AEW)
and Tropical Easterly Jet (TEJ). AEJ operates at mid tropsphere

(600-700mb) with maximum wind speed above 10m/s and travels
to WA from the East Africa. The AEJ drives convection and rainfall
patterns in the four climatic zones of WA (Andres et al., 2009).
ITCZ also contributes to the convective rainfall pattern via the
south-north-south displacement. The Sahelian, Sudano-Sahelian
and Sudanian climate zone are characterize by desert dust. Hence,
the aerosol loading in such location is high. Desert dust is deposited
mainly by wind erosion. The finer dust particles diffuse to high al-
titudes and travels thousands of kilometers from its source (Ma-
howald et al., 2003). This action explains the continual influence of
aerosol loadings over the West African climate system. According
to Sauvage et al. (2005) and Haywood et al. (2008), the aerosol
emission pattern in WA is closely related to the seasonal north-to-
south shift of the Inter-Tropical Convergence Zone (ITCZ). The
AMMA project has studied the desert dust impact using ground-
based lidars and airborne in-situ aerosol and gas measurements
(Haywood et al., 2008). It was discovered that the desert dust trans-
ports via vertical distribution over WA during the dry monsoon.
This pattern is influenced by the north-easterly Harmattan, AEJ and
south-westerly trade winds.

| Climatological Zones

Sahelian zone (250-500 mrn) I:I Sudanian zone (200-

Sudang-Sahelian zone (500- 1100 mem)
900 ) Guinean zone (1100 )

Based on mean annual rainfall 1961-90, SDRN-FAD Rome
Fig. 2: Climatic Zones in West Africa. Adopted From FAO.

3. Meteorological exploration in west Africa
and its challenges

In the previous section, the satellite exploration techniques was
listed and discussed. The satellite sensors also (like the sun photom-
eter) have their operational biases. These biases are documented in
literatures (Tompkins et al., 2005; Faccani et al., 2009). This is one
of the reasons ground station measurements are preferred to the sat-
ellite measure. Another reason is that satellite measurement is lim-
ited beyond cloud-free pixels and has a reduced sensitivity in the
lower atmosphere. The radiosonde (ground) stations are used to
generate high digital vertical resolution of in situ wind, temperature,
pressure, and humidity data. Financing radiosonde stations across
the major parts of the West African monsoon is quite challenging.
The introduction of funded projects (by AERONET, AMMA e.t.c.)
to West Africa has enabled the present understanding of the WAM.
For example, the jet streak of the AEJ has been discovered to extend
100E via the AMMA experiment. Also, the funded projects have
revealed that maximum aerosol optical depth occurs over West Af-
rica (between 0 and 15 N) in December, January and February.
Therefore, we envisage more impactful meteorological influences
in WA in the future. One of the present challenges of the funded
projects in WA is the accuracy of the type of radiosonde. For ex-
ample, the AMMA campaign in Africa used various radiosondes to
execute their campaign. Each of the radiosondes are selected based
on their biases in relative humidity measurements. The success of
some of the sonde was limited due to specification of the manufac-
turer. In one of our recent study (yet unpublished), we propose that
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the aerosol layer in the atmosphere (see figure 3) results in multiple
refractive indexes (MRI).

The MRI is said to influence atmospheric measurements and most
unsuccessful campaign were not directly on the instrument but on
the inability of the manufacturer to compute the right parameter (at-
mospheric constants) in the compact flash card. For example,
Vaisala RS80-A sondes has large dry biases and Vaisala RS92 has
weakly moist biases. Bock et al.(2008) documented the biases of
the radiosonde except for MODEM M2K2 sondes whose humidity
biases are not known. The unknown biases of the MODEM M2K2
sondes and the lost of TEMP messages from reliable (ground and
satellite) stations is a further affirmation of the need to document
the atmospheric constant over an area. Emphasis on the biases of
the measuring instrument may be secondary at this moment. Nuret
et al. (2008) admitted that the lost of TEMP messages from reliable
stations is currently out of the scope of the AMMA project. This
means that explorative scientists working on WA have a task of cal-
culating the right atmospheric constants that manufacturers of radi-
osondes must work with. In our view, the atmospheric constant var-
ies regionally because of the variance in aerosol loadings. Another
challenge of the present ground station across WA is the mainte-
nance of the station. Few AERONET station within WA has
stopped operation while the existing station are not 100% functional
based on the missing data available on http://aeronet.gsfc.nasa.gov/.
Another challenge facing funded projects in WA is data gaps and
assimilation problems (Faccani et al., 2009). For example, the con-
vergence location of moisture in the Sahel climate zone is still un-
known despite the availability of radiosonde stations across WA.
This challenge has necessitated the use of European Center for Me-
dium range Weather Forecasting (ECMWHF) bias correction for
AMMA measurements (Faccani et al., 2009). This development
shows that the number of radiosonde station over WA is inadequate
to understand the in-depth features of WAM. Since the quality of
forecast is based data accuracy as well as developing accurate mod-
els, the nowcast or forecast of metrological station in WA is still
questionable.

AOD|

Fig. 3: lllustration of the Multiple Refractive Indexes.

One of the advantages of satellite observation over ground observa-
tion is the enabled overview of the meteorological performance
over any location. For example, the ozone distribution over West
Africa showed significant south-north gradient with lower and
higher values over forested regions and the north of 12°N respec-
tively (Adon et al., 2010); the emission of emit large amounts of
biogenic volatile organic compounds (VOCs), NOx and O3 are ob-
served over the boundary layer in the Sahelian climate zones (Fer-
reira et al., 2010; Stewart et al., 2008; Jaegle et al., 2004); the ac-
tivities of the mesoscale convective systems (MCS) over the north-
ern edge of the West African ITCZ in Sahel climate zone can be
monitored (Mohr, 2004). Though there had been successful satellite
exploration in WA, the need for ground-trotting is eminent. For ex-
ample, the aerosol-water cycle interactions over WA are currently
investigated in the DACCIWA project. Janicot et al. (2008) had ex-
plained the physics of the transporting marine and biogenic air
masses and the dust-laden north-easterly dry winds. However, the
success of the current DACCIWA project may shed more light into
the complexity of the condensation nuclei (CCN) in WA. At this
stage, satellite observations of tropical gravity waves (GW) over
West Africa have not been properly explained by models. Interest-
ingly, the AMMA project have launched a ground observation and
observed the relation between deep convection and GW (Kafando
et al.2008). The objective of this section is to show the urgent need
of a comprehensive ground-trotting project in WA. We highlighted
the aerosol loading over WA using the Total Ozone Mapping Spec-
trometer (TOMS) Aerosol Index (Al) and its corresponding effect
over salient metrological parameters between 2002-2006. The me-
teorological parameter imagery was gotten from the Modern Era
Retrospective analysis for Research and Applications (MERRA).
The remote effect of aerosol loading over WA was observed only
over Nigeria (Figure 4&5).

Figure 4a represents the aerosol loading for January on the TOM Ai
for 2002, figure 4b represents the aerosol loading for the month of
April on the TOM Aii for 2002, figure 4c represents the aerosol load-
ing for the month of July on the TOM Aii for 2002, figure 4d repre-
sents the aerosol loading for October on the TOM Ai for 2002, fig-
ure 4e represents the cloud top temperature (K) for 2002 via the
MERRA observation, figure 4f represents the total surface precipi-
tation (Kg/m2/s) for 2002 via the MERRA observation, figure 49
represents the atmospheric mass (Kg/mz2) for 2002 via the MERRA
observation and figure 4h represents the absorbed longwave at the
surface (W/m2) for 2002 via the MERRA observation. Also, figure
4i represents the aerosol loading for January on the TOM Ai for
2003, figure 4j represents the aerosol loading for the month of April
on the TOM Ai for 2003, figure 4k represents the aerosol loading
for the month of July on the TOM Aii for 2003, figure 4l represents
the aerosol loading for October on the TOM Ai for 2003, figure 4m
represents the cloud top temperature (K) for 2003 via the MERRA
observation, figure 4n represents the total surface precipitation
(Kg/m2/s) for 2003 via the MERRA observation, figure 4o repre-
sents the atmospheric mass (Kg/m2) for 2003 via the MERRA ob-
servation and figure 4p represents the absorbed longwave at the sur-
face (W/m2) for 2003 via the MERRA observation. The same se-
quence of numbering is followed in figure 5 for 2004 and 2005. The
aerosol loading for January (figure 4 and 5) drove the cloud top
temperature. This is possible (from literature) because of the roles
of the vertical diffusion pattern and lifetime of aerosol, water va-
pour, CCN e.t.c.. These main factors dictate the heat absorption
both at the cloud-top and cloud-bottom. It is also observed that the
aerosol loading in January do not significantly affect the total sur-
face temperature, atmospheric mass and the absorbed longwave at
the surface (Akinwumi et al., 2017; Odigwe et al., 2013; Usikalu et
al., 2017; Emetere and
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Fig. 4: Satellite Exploration of Aerosol Initiated Events for 2002 (Fig 4a-H) and 2003(Fig 4i-P).

Akinyemi, 2017). Whatever explanation adduced to this observa-
tion may be misleading because only two radiosondes are located
in the area (Lagos and llorin). The vertical column activities of the
aerosol size distribution alongside the common or uncommon indi-
vidual-influences of the ITCZ, AEJ, GW, STJ, TEJ or ITD should
be known. This observation extends to other countries in the West
Africa region. Therefore, we recommend a more robust driven me-
teorological exploration which will be demanding-financially. Tak-
ing a cue from the over 11 million Euros DACCIWA budget (Knip-
pertz, 2013) for three research aircrafts and a wide range of surface-
based instrumentation at three sites (Ghana, Benin and Nigeria), the

cost to unravel discoveries about the WAM calls for the active par-
ticipation of the government of the West Africa states and an un-
compromised synergy of all funded projects within WA.

4. Conclusion

The West African region can be regarded as the deposition site for
global atmospheric influences. Though there have been significant
successes in the meteorological exploration of WA, much

Fig. 5: Satellite Exploration of Aerosol Initiated Events for 2004 (Fig 5a-H) and 2005 (Fig 5i-P).
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