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Abstract

The West African region is characterized by large concentrations of smoke and
biomass burning aerosols, which could significantly modify the regional radiative bud-
get and the hydrological cycle. Here, we propose long-term (2001-2006) RegCM sim-
ulations of aerosol optical properties over West Africa together with their spectral de-
pendences. Results of simulations are evaluated at local and regional scale by us-
ing surface network (AERONET/PHOTON) and remote sensing observations (MODIS,
MISR, OMI) especially during the dry season, December-January-February, DJF. New
original satellite retrievals are tested and compared to RegCM simulations. Concern-
ing AOD, we obtain values in agreement with AERONET/PHOTON observations at the
local scale but some differences clearly appear between simulated AOD and regional
MISR, OMI and MODIS view, especially over (1) the central Africa and (2) the gulf of
Guinea during DJF. Concerning simulated SSA (for visible wavelengths), our results
display (1) comparable values with level 2 AERONET/PHOTON local observations to-
gether with (2) non negligible differences with satellite (MODIS Deep blue, OMI and
MISR products) observations. In most cases, satellite SSA is found to be higher than
those simulated by RegCM and retrieved through AERONET/PHOTON network. In
parallel, we also note significant differences on retrieved SSA from each satellite (OMI,
MISR, MODIS Deep Blue) remote sensing techniques over this specific region. Finally,
our work highlights that the spectral dependence of aerosol optical properties is a use-
ful parameter to adapt so that modeled simulations should be be better evaluated and
constrained.

1 Introduction

Africa is the world’s largest source of biomass burning (BB) and mineral dust aerosols
(Prospero and Lamb, 2003; van der Werf et al.,, 2006). In the arid northern part,
atmospheric aerosol loads are largely influenced by large amounts of mineral dust
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aerosols. These mineral dust particles are emitted continuously during the year and are
able to modulate the radiative balance both at local (Slingo et al., 2009) and regional
scales (Grini et al., 2006; Solmon et al., 2008; Milton et al., 2008; Mallet et al., 2009;
Cavazos et al., 2009). Intense events of dust uplift that regularly occur, have ever been
well documented (e.g. Myhre et al., 2003; Slingo et al., 2006; Heinold et al., 2007;
Tulet et al., 2008; Crumeyrolle et al., 2011). Many studies account for the dusty outflow
and its ageing from the West Africa towards Atlantic Ocean (Schepanski et al., 2009;
Dall'Osto et al., 2010).

In the western part of the continent, the atmosphere is also heavily loaded by car-
bonaceous aerosols from anthropogenic and biomass burning sources (Liousse et al.,
1996; Cooke et al., 1999; Junker and Liousse, 2008; Liousse et al., 2010). Biomass
burning emissions are likely to be the dominant contributor among these sources of
carbonaceous aerosols in the region (Liousse et al., 2004; Myhre et al., 2008). These
follow a seasonal cycle with intense fire events during dry season (December to Febru-
ary) and lowest ones during wet season (Roy et al., 2008). Remote sensing obser-
vations of the fine mode aerosol optical thickness (AOT) show that biomass burning
aerosols are a major contributor to the total bulk AOT in West Africa during dry season
(Tanré et al., 2001).

At present, most of 3-D numerical exercises (Yoshioka et al., 2007; Solmon et al.,
2008; Konare et al., 2008; Sud et al., 2009; Lau et al., 2009) have been mainly focused
on the effect of dust aerosols on the West Africa regional radiative budget through
their direct and semi-direct radiative effects. The associated feedbacks due to dust
particles on the hydrological cycle and on the atmospheric dynamic of the West African
monsoon have been also estimated in recent studies (Lau et al., 2009; Huang et al.,
2009a, b; Kluser and Holzer-Popp, 2010; Perlwitz and Miller, 2010; Zhao et al., 2011).
As the West African atmosphere is also heavily loaded by smoke aerosols resulting
from the incomplete combustion of fossil fuels, biofuels (domestic fire) and biomass
burning (Liousse et al., 1996; Cooke et al., 1999; Junker and Liousse, 2008; Liousse
et al., 2010) and due to the ability of such aerosols to significantly modify the radiative
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budget (Haywood et al., 2008; Johnson et al., 2008b; Mallet et al., 2008), it appears
necessary to investigate the possible impact of the total bulk aerosols on the regional
climate, including smoke particles.

Such a study firstly requires controlling the total bulk optical properties before in-
vestigating the possible climatic feedbacks. Indeed and contrary to mineral dust par-
ticles (i.e., moderate absorbing particles), smoke aerosols are able to strongly absorb
(Johnson et al., 2008b) solar radiations and consequently modify the radiative heat-
ing profiles of the atmosphere. In that sense, this critical optical property (absorbing
efficiency), need to be rigorously evaluated. In that frame and thanks to new original
satellite retrievals (MODIS Deep blue, MISR and OMI products), together with sur-
face remote sensing techniques (AERONET/PHOTON inversions), we test our results
of simulations in terms of Aerosol Optical thickness (AOT), Absorption Aerosol Opti-
cal Thickness (AAOT) and Single Scattering Albedo (SSA). Furthermore, the spectral
dependence of optical properties is also investigated. This work represents, to our
knowledge, the first inter-comparison study using these new aerosol satellite products
(at different wavelengths) and 3-D regional modelling outputs.

Based on dust parameterizations of Zakey et al. (2006) and Solmon et al. (2008),
we performed, over the period 2001-2006, aerosol optical properties simulations over
West Africa. As mentioned above, in addition to dust aerosols, biomass burnings
and fossil fuels carbonaceous aerosols are also considered in this modelling exercise.
Thus, the seasonal variability of bulk aerosol optical properties are evaluated thanks
to outputs not only fitted to AERONET products but also to those supplied by MODIS
Deep Blue, MISR or OMI satellites. Our study enables to check the variability of the
atmospheric aerosol loading and absorbing optical properties at regional scale.

The paper is structured as follows. In Sect. 2, we describe the methodology and
data used in this work. The modelling assumptions regarding aerosols and RegCM
setups are described in Sect. 2.1. The observations used for comparisons with model
outputs are detailed in Sects. 2.2 and 2.3. The results are discussed in Sect. 3. We
first compare the modelled results to AERONET/PHOTON ground-based network in
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Sect. 3.1. The regional comparisons of simulated and retrieved AOT and SSA over
land and ocean are discussed in Sect. 3.2. The spectral dependence of AOT and AAOT
are discussed in Sect. 3.3. Concluding remarks and perspectives are summarized in
Sect. 4.

2 Methodology and data

We use in this work the RegCM3 model developed at the Abdus Salam International
Centre of Theoretical Physics (ICTP) (Giorgi and Mearns, 1999; Pal et al., 2007) to
investigate the spatial and temporal variability of aerosol optical properties in West
Africa. In these simulations, we consider dust aerosols emitted from the erosion of arid
soils, and carbonaceous and sulphate aerosols resulting from Biomass Burning (BB),
combustion of Bio-Fuel (BF) together with Fossil Fuel (FF). We simulate the period
spanning from January 2001 to January 2007.

In this study, we focus our analyses on aerosols fields, in particular the aerosol ab-
sorption property. In fact, aerosol absorption (typically expressed in terms of aerosol
single scattering albedo) is one of the largest contributor to the total uncertainty in
aerosol direct radiative forcing (McComiskey et al., 2008). At present, most compar-
isons between models and satellite have been conducted with AOT. In order to evaluate
the accuracy of RegCM simulations, we compare modeled aerosols optical properties
outputs to data retrieved from local remote sensing observations (AERONET/PHOTON
ground-based network) together with those obtained from current generation of Earth
Observatory System and A-train spaceborne instruments, providing a regional pic-
ture conversely to local stations. To strengthen our comparative approach at regional
scale we consider aerosols retrievals from three different sensors including the Multi-
angle Imaging SpectroRadiometer (MISR), the Moderate Resolution Imaging Spectro-
radiometer (MODIS) and the Ozone Monitoring Instrument (OMI). All these sensors not
only offer the advantage of estimating the aerosol optical thickness, but give also esti-
mation of aerosols absorption properties through the AAOT and SSA. Future promising
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developments are conducted using PARASOL (Dubovik et al., 2011) but the data are
not available at present. Besides, another benefit of these products is that they pro-
vide near-global daily distribution of aerosol optical properties at multiple wavelengths.
This allows to investigate the spectral dependence of aerosol optical properties. The
following subsections shortly describe the model setups and the different useful mea-
surements.

2.1 The RegCMS3 Model, configuration and aerosol optical properties

The RegCM modeled domain covers Western Africa (~20° W-40° E, 5° S—35° N), with
a 45 km horizontal resolution on 18 hydrostatic sigma levels in the vertical. The model
is driven at boundaries by the ERA Intererim reanalysis (Simmons et al., 2007). Model
setup and parameterizations are similar to that described in Malavelle et al. (2011).
We briefly remind here some of the aerosol assumptions considered in this study.
First, dust aerosol emissions are prescribed by an online dynamical scheme (Za-
key et al., 2006) which follows the saltation (horizontal flux) and sandblasting (verti-
cal flux) parameterizations from Marticorena and Bergametti (1995) and Alfaro and
Gomes (2001), respectively. The dust aerosols are represented by four tracers binned
into (0.1-1.0um; 1.0-2.5um; 2.5-5.0 um; 5.0-20 um) in diameter. Secondly, emis-
sions of carbonaceous and sulphate aerosols are prescribed by inventories dataset.
The bbAMMA inventories are based on the Systeme Probatoire d’Observation de la
Terre (SPOT) vegetation burnt area products (Michel et al., 2005; Liousse et al., 2010).
Anthropogenic (FF and BF) aerosol emissions are based on the Junker and Liousse
(2008) inventory. Carbonaceous aerosols are represented by two tracers BC and OC
standing for Black carbon and Organic Carbon.

The RegCM model enables to follow the evolution of the mass concentration of exter-
nally mixed aerosol tracers. The AOT is estimated by multiplying the mass extinction
efficiency (the extinction normalized by the mass, Kext in m? g’1), to the prognostic
mass of each tracer and is then vertically integrated. The spectral dependence of
AOT provides also additional information and enables us to distinguish between fine
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anthropogenic aerosols (e.g. carbonaceous aerosols from pollution and/or combus-
tion) and natural particles (mainly dominated by coarse aerosols such as mineral dust
or sea salt). The spectral dependence of AOT can be represented in term of AOT
Angstrom Exponent (AEAQOT) expressed as:

LOG(AOT,, /AOT), )
LOG(A; /1)

Where 14 and 1, are the radiation wavelengths. For typical aerosols mixture observed
in West Africa, AEAOT between 440 and 870 nm is lower than 0.5 when coarse mineral
dust dominate the mixture while it is above 1 when fine smoke particles are present.
The AOT can be discriminated in the sum of absorption AOT and scattering AOT corre-
sponding to the two pathways of the light extinction. In a similar way to AEAOT we can
define an AE for SSA (AESSA) and AE for AAOT (AEAAOQOT) that better help to identify
the different type of aerosols and to make comparisons with observed data. Indeed,
biomass burning and dust aerosols spectral absorption have different slopes. Rus-
sell et al. (2010) reported AEAAOT encompassed between 2 and 3 for dust aerosols,
whereas values around 1.45 for biomass burning aerosols.

As mentioned in Malavelle et al. (2011), we took advantage of AMMA-SOPO in-
situ observations to update biomass burning BC and OC tracers optical properties
parameterizations used in RegCMS3. These optical calculations are based on the mea-
sured mass size distributions of aged smoke aerosols obtained from Dekati impactor
measurements at Djougou (Northern Benin) during AMMA-SOPO (Pont et al., 2009).
As biomass burning aerosols may exhibit varying optical properties depending on the
weather conditions, the combustion phase and the type of vegetation burnt (Reid et
al., 2005) it was worth considering specific optical properties of the biomass burning
aerosols over this region. As an example, the low dry smoke SSA (~0.81 at 550 nm,
Johnson et al., 2008b) estimated during AMMA-SOPO differs from the one obtained
during SAFARI 2000 over South-Africa (SSA in the range 0.83—0.92 for aged biomass
burning aerosol and a mean value of 0.88 at 550 nm, Haywood et al., 2003b).
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Based on the mass ratio at emission between OC and BC in bbAMMA inventories
and the work of Pont et al. (2009), we estimate mean mass extinction efficiency (Kg;)
for biomass burning aerosols equal to 6.35 m? g‘1 (at 500 nm). This value is found to
be consistent with the one (5.8 m? g'1 at 550 nm) reported by Johnson et al. (2008b)
during DABEX campaign in West Africa. As previously noted, such values slightly differ
to the one (5.0 m? g‘1 at 550 nm) reported by Haywood et al. (2003b) during SAFARI
2000 (using identical techniques and corrections).

The optical properties (between 440 and 675 nm) of BC,OC and DUST tracers used
as inputs in radiative transfer modelling (K, SSA and g the asymmetry parameter)
are summarized in Table 1. The optical properties for dust aerosols are similar to those
detailed by Solmon et al. (2008).

2.2 Ground-based AERONET/PHOTON network

AERONET/PHOTON is the federated network of data archive system and ground
based sun-photometers routinely performing sun and sky radiance measurements to
retrieve global aerosols properties (Holben et al., 1998). Along with AOT observations,
AERONET/PHOTON aerosol retrieval algorithm delivers the complete set of aerosol
parameters (retrieved over the whole atmospheric column) including volume size distri-
bution, single scattering albedo, refractive index and asymmetry parameter (and their
spectral dependence between 440 nm and 1020 nm, Dubovik et al., 2002). In this
study, we focus our comparisons between the simulated RegCM3 AOT and SSA and
the AERONET/PHOTON level 2.0 (cloud-screened and qualityassured) sky radiance
data and level 2.0 sky radiance inversions (at 440 and 675nm). Estimates of the un-
certainties for AOT are 0.015 at wavelengths greater than 440 nm while uncertainty
in terms of SSA is estimated to be 0.03 for AOT >0.2 (0.07 for AOT <0.2) (Dubovik
et al., 2000). Five sites of West Africa (Djougou (Benin), Banizoumbou (Niger), llorin
(Nigeria), Agoufou (Mali) and Capo Verde (Senegal)) are selected as they present a
long-time period of observations that fits well to the period of simulation. In addition,
the geographic positions of the sites allow us to consider different aerosol mixtures.
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Indeed, the sites located in the Sahelian belt (South of Saharan desert <15°N) are
close to the BB sources during wintertime while Capo Verde is usually dominated by
dust particles within the African dust outflow.

2.3 Satellite observations of aerosols properties

To evaluate the modeled outputs at regional scale, spatialized satellite data are used.
As mentioned previously, we used in this work the MODIS, MISR and OMI sensors that
deliver aerosol absorbing properties products.

2.3.1 MODIS

MODIS is a 36-channel spectrometer (0.412—-14.2 um) with daily global coverage.
MODIS observes detailed aerosol properties with spatial resolution ranging from 0.25—
1 km through measurement of spectral radiances. The MODIS retrieval algorithm
(hereafter referred as the MODIS standard algorithm) uses two separate ways to de-
rive aerosol characteristics, with one over ocean (Tanré et al., 1997) and one over land
based on the dark target approach (Kaufman et al., 1997). In parallel to the aerosol
retrievals classically conducted over the dark vegetation, the Deep Blue aerosol algo-
rithm (Hsu et al., 2004) was developed to infer aerosol properties over highly reflective
surfaces, using the blue channels radiance measurements. When the retrieval algo-
rithm successfully identifies the aerosols scene as “Fine or Mixed Aerosols”, the cor-
responding values of AOT and Angstrom exponent are reported. For “dust-dominant”
cases, the values of single scattering albedo are retrieved in addition to the AOT and
the Angstrom exponent.

In this study, we use the daily level-3 MYDO8 collection 5.1 product from Aqua
MODIS. The MODIS AOT maps presented are composite of the standard Aqua-MODIS
retrieval together with Deep Blue retrieval. AOT uncertainties over vegetated land by
MODIS standard retrieval against AERONET data is £0.05+0.15x7, where 7 is the
AOT (respectively £0.03+0.05x7 over ocean) (Remer et al., 2005). Hsu et al. (2006)
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show that the values of satellite-retrieved AOT at 490 nm with Deep Blue algorithm are
generally within a range of 20-30 % of AERONET/PHOTON AOT over East Asia.

2.3.2 MISR

MISR onboard the NASA EOS Terra (passing time 10:30a.m. at equator) provides
estimates of AOT and SSA using four different band channels (centred at 446, 558,
672, and 867 nm) and nine different viewing angles (nadir plus 26.1°, 45.6°, 60.0°, and
70.5° in the forward and aftward directions along the spacecraft track) with a spatial
resolution of 275m to 1 km. The key advantage of MISR measurements approach is
the use of different geometry views allowing MISR to retrieve aerosol properties without
any limitations due to surface reflectance (Diner et al., 1998) or sunglint. However, the
narrow swath of the instrument (~360 km wide swath) only permits to obtain a global
coverage once in nine days (at equator). It should be noted that there are different
sampling rates between MISR and MODIS sensors, which may affect monthly means
particularly over cloudy regions. We consider here the daily level-3 data MIL3-DAE
products version F15-0031. A global comparison of MISR and AERONET AOT shows
that overall about 70 % to 75 % of MISR AOT retrievals fall within 0.05 (or 20 % of
TaeroneT) Of the paired validation data from the AERONET/PHOTON, and about 50 %
to 55 % are within 0.03 or (10 % of TagroNET)-

23.3 OMi

The Ozone Monitoring Instrument (OMI) operating since October 2004 onboard of the
EOS Aura satellite is a spectrometer with high spectral resolution (Levelt et al., 2006).
OMI has a swath width of 2600 km and offers nearly daily global coverage with a spa-
tial resolution for the UV-2 and VIS (UV-1) channels reaching 13x24(48) km? at nadir.
Because of the relatively large resolution of the OMI observations, the major factor af-
fecting the quality of aerosol products is sub-pixel cloud contamination. In parallel, one
can mention that OMI can detect bulk aerosols signal from its measurements in the UV
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spectral range also in cloudy scenes. However, in this study we use the data from the
OMAERUVO0v003 product containing retrievals for clear sky conditions from OMI near-
UV algorithm (Torres et al., 2007). The near UV method of aerosol characterization
uses space measurements at two channels in the near UV to detect aerosol absorp-
tion. This algorithm provides a variety of aerosol radiative properties, such as aerosol
index, AOT, AAOT and SSA. In general OMI Near-UV retrievals are more reliable over
land than over water surfaces. The near-UV retrieval method is particularly sensitive to
carbonaceous and mineral dust aerosols. OMI measurements in Near-UV also depend
on the height of the aerosol layer above the ground (Torres et al., 1998). In that frame,
the OMI near-UV algorithm sensitivity is largest for elevated (at least 2km above the
surface) aerosol layers, and decreases rapidly with aerosol layer height. It should be
noted that recent modifications have been conducted by Jethva and Torres (2011) to
improve SSA retrievals from OMI.

3 Results and discussions

3.1 Comparison of aerosols optical properties at local scale with
AERONET/PHOTON data

3.1.1 AOT

RegCM is designed to conduct long-term climatic simulations including the possibility
to take into account the interaction between particles and SW and LW radiations. In
order to evaluate if the model correctly estimates the aerosol loading at such timescale,
we first compare (Table 2) the seasonal average (DJF and JJA) AOT at 440nm and
675 nm simulated by RegCM with AERONET/PHOTON data. We complete the Table 2
with MODIS (DEEP BLUE algorithm only) and MISR retrieved AOT in the pixel close
to the selected stations.
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During DJF, simulated AOT at Capo Verde, Banizoumbou and Agoufou (at 440 and
675 nm) are within 20 % of AERONET/PHOTON values, while at llorin and Djougou,
the model significantly underestimates the AERONET/PHOTON observations, possi-
bly due to an inaccurate representation of the transport of BB aerosols in the upper
atmospheric layers. Similar results are obtained when comparing simulated AOT with
those obtained from satellite remote sensing. Indeed, comparisons indicate a relatively
good agreement between the model and observations in case of “dusty” sites (Table 2)
such as Capo Verde (RegCM AOT ~0.22, MISR AOT ~0.30, MODIS Deep blue AOT
~0.20 at 440 nm). In contrast, large differences are observed for site highly influenced
by smoke aerosols, such as Djougou (RegCM AOT ~0.37, MISR AOT ~0.53, MODIS
Deep Blue AOT ~0.66, at 440nm). During DJF, the predominance of BB aerosols in
the mixing appears clearly in the AERONET/PHOTON AEAOT showing the highest
values at Djougou and llorin. In contrast, the Agoufou, Banizoumbou and Capo Verde
sites display averaged AEAQOT lower than 0.5, due to the significant presence of coarse
dust aerosols.

During JJA, when dust aerosols are the main compounds remaining in the West
African atmosphere, we observe that the RegCM model performs better than dur-
ing DJF. On average and over the five sites, RegCM errors on AOT, compared to
AERONET/PHOTON observations, is about 44 % and 20 % (at 440 and 675nm, re-
spectively) during DJF, while in JJA the error is respectively about 36 % and 1 %. Com-
parisons of simulated AOT with satellite observations reveal also a better agreement
during this season, except at Banizoumbou where large difference remain (RegCM
AOT ~0.35, MISR AOT ~0.59, MODIS Deep Blue AOT ~0.70, at 440 nm).

In parallel to the magnitude of AOT, we also focus our investigations on the spectral
dependence of AOT, which represents a critical property concerning the direct effect
of particles. First, we can mention that when aerosols are composed by dust and BB
particles (in DJF), simulated AEAQOT are higher than in the case of a pure dust (JJA)
accordingly to the presence of fine BB aerosols (see Table 2). Nevertheless, we can
note that RegCM is misrepresenting the AEAOT (calculated between 440 and 675 nm)
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both in DJF and JJA for the two types of particles. We can observe that RegCM
AEAQOT is negative for each site with lower values during the dry season. This reversed
spectral dependence is due to the optical properties assigned to the fine mode (first
bin) of dust aerosols, with a mass extinction efficiency of 1.89 m? g'1 and 2.93m? g'1
at 440 nm and 675 nm, respectively (see Table 1). This reversed spectral dependency
of the extinction for the fine dust aerosols is not realistic and explains the simulated
negative AEAQOT values. In that sense, future works are scheduled for updating the
spectral dependence of mineral dust in RegCM by using recent AMMA observations
(McConnell et al., 2010).

3.1.2 SSA

The RegCM simulated SSA and the SSA retrieved from AERONET/PHOTON and
(MISR and MODIS Deep Blue) satellite inversions (at 440 nm and 675nm) are also
reported in Table 2.

During the DJF season, RegCM SSA values are shown to be in good agreement
with AERONET/PHOTON retrievals. Simulated SSA falls in the range of ~+0.02 of
AERONET/PHOTON SSA values except at Capo Verde where RegCM SSA is equal
t0 0.902 and 0.950 (at 440 and 675 nm) while AERONET/PHOTON is 0.858 and 0.897
(£0.03). This may result from a lack of long range transport of elevated biomass burn-
ing aerosols from the sources region in the model and/or, a lack of biomass sources
in the western part of the domain. We observe also, both in AERONET/PHOTON and
simulated RegCM SSA, a well marked seasonal cycle with the lowest SSA values in
DJF and the highest in JJA, in agreement with the seasonal cycle of biomass burning
emission. We note also that, during JJA, SSA values are largely dominated by dust
aerosols, with an averaged AERONET/PHOTON SSA of 0.91+0.03 (at 440 nm).

Concerning the new aerosol SSA retrieved products, our study seems to indicate
that MISR SSA values are higher than RegCM and AERONET/PHOTON data es-
pecially during DJF, while the difference is lower during JJA. In most of cases, the
MISR SSA is about 1 (at 440 and 675nm) for all the sites studied (Table 4.3). This
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systematic overestimation of SSA in MISR products have already been reported in
Kahn et al. (2010). In the same way, the MODIS/Deep Blue SSA products are higher
than RegCM and AERONET/PHOTON SSA and do not show a marked seasonal varia-
tion. For most of cases, MODIS retrievals indicate intermediate SSA values comprised
between AERONET/PHOTON and MISR observations. We recall here, that MODIS
Deep Blue product SSA values over bright surfaces are only reported for dust dom-
inant pixels. Consequently, if there is significant amount of biomass burning smoke
in the atmosphere during the dry season (DJF), the uncertainty in the retrieved SSA
becomes larger (Hsu et al., 2006).

3.2 Comparison of aerosol optical properties at regional scale

Figure 1 presents the averaged AOT for DJF and JJA estimated by RegCM (at 500 nm),
MODIS composite (at 550 nm), MISR (at 555 nm) and OMI (at 500 nm) sensors.

3.2.1 AOT observed over land

Several areas of interest can be identified over lands. First and during the dry season
it can be seen (Fig. 1) in satellite observations that maximum of AOT are usually found
over the Bodélé depression (Chad). MISR AOT obtained over the Bodélé depression is
lower than MODIS and OMI observations. The narrow viewing swath of MISR (360 km
compared to 2600 km and 2330 km for OMI and MODIS) can fail daily storms events
explaining underestimations in the average aggregate (Ahn et al., 2008). Figure 1 also
clearly shows that RegCM underestimates (AOT ~0.45-0.50 at 500 nm) the Bodélé
sources due to underestimation of local wind as already reported in Todd et al. (2008).
In parallel, RegCM performs well over the Northern part of the West African continent
but overestimates the AOT over Mauritanian and Mali, compared to MISR and MODIS
Deep Blue retrievals.

The central African region is also characterized by a large aerosol loading asso-
ciated with significant AOT. Over this specific region, the situation is dominated by

28600

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 2858728626, 2011

Simulations of
biomass burning and
mineral dust optical
properties

F. Malavelle et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/28587/2011/acpd-11-28587-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/28587/2011/acpd-11-28587-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

biomass burning aerosols during the dry season. In this work, simulated AOT reach
maximum values (~0.65-0.80 at 500 nm) during DJF (between 0—10°N Latitude and
centred around Longitude 20°E, see Fig. 1). The position of this “hot spot” of AOT is
logically associated with the maximum emission of the bbAMMA inventories (Liousse
et al., 2010) used in this study. Indeed, intense fires occur in the entire sahelian belt
during the dry season (e.g. Roy et al., 2008) and the maximum of burnt vegetation
surface observed by SPOT is located at the east of longitude 15°E (Chang and Song,
2009). Consequently, simulated AOT are significant in this part of the domain due
to important burden of smoke aerosols. Comparisons with MODIS, OMI and MISR
observations show lower AOT during the dry season with respectively AOT of 0.37,
0.43 and 0.35 (at ~500 nm) averaged over the central part of the continent (5° S—10° N,
13° E-30° E) compared to RegCM (0.49 at 500 nm). Moreover, the maximum of AOT
observed by the different sensors is located slightly southward (the maximum is centred
along the equator) compared to RegCM simulations. We note that similar observations
(not shown here) of a local maximum of the fine mode AOT, linked to smoke aerosols,
are also seen by POLDER (Polarization and Directionality of the Earth’s Reflectances)
on the A-Train PARASOL spacecraft (see example in Malavelle et al. (2011) for the
2006 dry season).

The discrepancies between the amplitude and location of simulated and observed
AOT in the eastern part of the continent could be due to different sources of errors:

— the kg, value of smoke aerosols in RegCM is higher than values reported in the
literature. It is thus possible that in parallel to satellite underestimation, RegCM
overestimates AOT for smoke aerosols.

— the maximum of fire intensity occurs between 03:00 PM and 05:00 PM (e.g. Giglio,
2007), while the passing time of AQUA and TERRA is quite sooner during the day.
Thus, satellite observations provide instantaneous information on the integrated
and transported biomass burning aerosol. While for RegCM outputs, they pro-
vide AOT information for regular emissions all the day long that could cumulate
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wherever transport is inefficiently resolved over the domain . One should note also
that averaged RegCM AOT is based on all the daily values including day and night.
Therefore the maximum AOT values observed by the satellite are not collocated in
time with simulated aerosols fields. As mentioned by Sayer et al. (2010) the sam-
pling of satellite and models is very different and decisions about data selection
and aggregation may cause regional differences in model AOT (of up to 0.1) on
monthly and annual timescales. Moreover, we choose the simplest method (i.e.
equal weight averaging of the daily satellite data) to aggregate daily satellite AOT
into seasonal averages. Levy et al. (2009) showed that the different aggregation,
weighting, and averaging-order choices could lead to very different regional and
global average mean values (varying by 30% or more). These differences are
due to complications of orbital geometry, regions of persistent cloudiness, and
other factors, that greatly impact the satellite sampling with season and location.
All these inconstancies may contribute to some extend to the differences noted
between modelled and observed AQT fields.

another possible explanation could be that satellites retrievals perform less ac-
curatly over these BB source regions due to high AOD values screening most of
the surface, or due to some albedo effect of the surface at this period of the year
(bare soils). However, the MISR sensor which allows no assumption on the sur-
face properties displays the same AOT pattern as in MODIS observations. Similar
observations have been obtained using the PARASOL sensor (not shown). In ad-
dition, it should be noted that Chen et al. (2008) and Kahn et al. (2010) indicate
that in case of high MISR AOT (> 0.5, at mid visible wavelengths), the lack of
surface informations could create ambiguity resulting in an underestimation of
MISR AQT. Besides, it has also been showed by Ichoku et al. (2003), that MODIS
may underestimate AOT retrieval over Southern Africa when aerosol loading is
high due to inadequate assumed value of SSA. Chu et al. (2002) report also that
the uncertainty in aerosol model has a greater impact at high AOT values than
uncertainties in surface reflectance assumptions.
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3.2.2 AOT observed over ocean

MODIS and MISR AOT also shows maximum values over the Gulf of Guinea (~0.5—
0.7 at 500 nm) during DJF (Fig. 1). OMI AOT over ocean is also significant but lower
than AOT retrieved by the two other sensors. Possible causes could be related to
pixel cloud contamination (OMI resolution is rather low, i.e. 13 x 24 km? at nadir for the
UV1 channel) in this region of high clouds occurrence. A second possible source of
disagreement could be related to the increased uncertainties on AOT over ocean due
the near-UV method. The satellites under-sampling over the Gulf of Guinea due to the
high cloud cover may not emphasize the attributes of the true aerosol fields.

Our results indicate that the simulated RegCM AOT during that period are under-
estimated (with a maximum around 0.45 at 500 nm) compared to MODIS and MISR
sensors. Some causes of disagreement could be related to both inaccurate model
transport of aerosols from eastern part of the domain, together with possible underes-
timation of both dust and BB aerosol loads coming from the northern part of the con-
tinent and the western part of the Sahel, respectively. Indeed, Malavelle et al. (2011)
show that the model underestimates dust aerosols burden in the lower troposphere
under approximately latitude 15°N during the dry season. Santese et al. (2010) also
reported in RegCM simulations an underestimate of dust aerosol amounts at locations
far from the sources, particularly in the lower troposphere.

Concerning biomass burning aerosols, bbAMMA inventories may fail some fire
sources in the western Sahel. Indeed, Chang and Song (2009) reported that the
L3JRC product (used to construct bbAMMA inventories) identify not as much burnt area
than MODIS burnt area product for land covered with grass, shrub, or sparse vegetation
cover which are typical vegetation of the Sahelian region. Lehsten et al. (2009) esti-
mated that burnt areas were underestimated by approximately 48 % and 35 % for tree
and shrub vegetation cover types in Africa, respectively. In addition, the L3JRC prod-
uct may miss some small-sized burn scars, such as those in cultivated and managed
areas. This underestimation is likely to have a signature in the bbAMMA emissions that
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possibly explains some of the underestimated AOT not only over the Gulf of Guinea but
also at Djougou and llorin.

During JJA season, the AOT over ocean is in agreement in the Atlantic outflow dom-
inated by dust aerosols. Over the golf of Guinea, biomass burning season in south-
ern Africa takes place. RegCM AQOT over this area is strongly overestimated due to
the inadequate biomass burning optical properties in the model that were computed
specifically from AMMA measurements standing for West African biomass burnings.

3.2.3 SSA

In this section, we consider the retrieval of aerosol SSA from OMI, MODIS Deep Blue
and MISR sensors in order to evaluate the RegCM simulated SSA. As mentioned pre-
viously, it is crucial to constrain accurately SSA because it represents one of the major
source of uncertainty in the aerosol direct radiative forcing computations (McComiskey
et al., 2008).

The Fig. 2 is similar as Fig. 1 but presents SSA and AESSA for RegCM and the three
sensors previously mentioned. Note that all SSA values are reported at a wavelength
in the range of 440-470 nm except OMI SSA reported at 500 nm. As mentioned by
Kalashnikova and Kahn (2008), particle property sensitivity diminishes for midvisible
AOT below about 0.15, and over bright surfaces in the MISR product. In that frame,
the averaged SSA correspond to values flagged for AOT> 0.2 at 440nm. In Fig. 3,
we have also reported the averaged SSA over the subdomains "Sahel”, "Sahara” and
”Atlantic Outflow” represented on Fig. 2.

The first main result obtained from Fig. 2 is that the three sensors display very differ-
ent estimates of SSA both in wintertime and summertime.
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During DJF, OMI SSA shows a distinct aerosol feature confined to a latitudinal belt
between 10°N and 15°N likely to correspond to the area of biomass burning, with SSA
values as low as 0.88 (at 500nm). The eastern part of the domain seems to have
lower SSA values than the western part illustrating the possible mixing of dust and
BB aerosols over western Sahel. Over the Gulf of Guinea, OMI SSA are about 0.954
(at 500 nm) while over Sahara, slightly more absorbing values are observed (~0.943
at 500nm, Fig. 3). We can also observe in OMI product higher SSA values (more
scattering) over the Gulf of Guinea where mixed dust and absorbing BB aerosols are
expected to be found. To some extend the SSA values observed over the gulf of
Guinea can be interpreted as a mixture dominated by fine dust aerosols that are more
scattering (high SSA ~0.98-0.99 at 550 nm, Osborne et al., 2008) than the coarser
dust aerosols (McConnell et al., 2008) less efficiently advected toward long distances
(Maring et al., 2003).

In parallel, during DJF, MISR SSA show the highest value over the Sahara (~0.967 at
440 nm, Fig. 3) and the lowest one (~0.91 at 440 nm, Fig. 2) in the central Africa were
most of the absorbing aerosols are expected. Over the entire Sahelian subdomain
the average MISR SSA is 0.953 illustrating the mixing of dust aerosols and biomass
burning aerosols. Over the gulf of guinea, the SSA values are intermediate (~0.94 at
440 nm). It is interesting to note that during JUA, SSA of biomass burning aerosols from
the southern part of the continent are seen more absorbing (~0.890 at 440 nm, Fig. 3)
than in DJF. This illustrates the mixing of BB aerosols with dust aerosols during winter-
time. We note that MISR SSA values in JJA (dust dominated mixing) show surprising
contrasts in the transition area between land and ocean, with lower values over ocean.

The MODIS Deep Blue SSA retrievals does not display a large variability over the
West African region. The MODIS algorithm is based on a few set of theoretical aerosols
models determined from clustering analysis of aerosols optical properties (Omar et al.,
2005; Levy et al., 2007). Each model is assigned with a predefined SSA value. The
best model that is retained for fitting measured to look up radiances assigns its value
of SSA to the retrievals. For the dust aerosols, Deep Blue retrievals assumes two type
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of dust aerosols, one with a whiter color and one with a redder color (Hsu et al., 2004,
2006). Therefore, because Deep Blue algorithm only retrieves SSA values for dust
scene, one can expect that the SSA averaged over such timescale doesn’t represent
a lot of variability due to number of dust aerosol models considered. Highest value of
SSA are 0.944 and 0.946 (at 470 nm) during DJF and JJA respectively over the Sahel
(Fig. 3) and 0.932 and 0.939 (at 470 nm) over the Sahara.

It is also worth mentioning that OMI, Deep Blue and MISR SSA during summertime
tend to increase over Sahara. This could be explained by the accumulation of fine dust
in the West African atmospheric background during that season.

The RegCM simulated SSA represent much more absorbing aerosols than satellite
estimates. Similarly, we observe in RegCM outputs a consistent north to south gradient
of SSA over land during the dry season. The highest values are in the northern part
(0.889 at 440 nm, Fig. 3) of the domain dominated by dust aerosols, and the lowest
values of SSA eastern Sahel (i.e. Central Africa) where biomass burning emissions
are maximum (~0.83 at 440 nm, Fig. 2). This gradient is also observed in both OMI
and MISR.

We note from Fig. 3 that retrieved SSA for dust aerosols regions are encompassed
between 0.932 and 0.967 (at 470 nm) during the dry season over the Sahara subdo-
main illustrating that at least the retrievals observed a mixing of relatively absorbing
(coarse dust) and more scattering (fine dust) dust aerosols. RegCM simulated SSA is
0.889 (at 440 nm) in this Sahara subdomain. In central Africa (i.e. Biomass Burning
sources) the simulated SSA is far more absorbing than what is observed in OMI and
MISR products; it points out the fact that RegCM SSA could be too much absorbing
for BB aerosols. Nevertheless, it has been constrained in order to obtain BB SSA con-
sistent with DABEX observations of smoke aerosols (Johnson et al., 2008b). It could
point out also too strong emission of BB aerosols in comparison to dust emission and
transport that occur in the RegCM model.
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3.3 The spectral dependence of AOT and AAOT optical properties

In this section, we investigate how the spectral dependencies of AOT and AAOT are
simulated compared to satellite products. Indeed Biomass Burning aerosols and dust
aerosols have different spectral absorptive properties due to different size and compo-
sition (see e.g. Derimian et al., 2008a; Bergstrom et al., 2007; Russell et al., 2010). In
that frame, we discuss here the simulated angstrom exponent (Eq. 1) of AOT and AAOT
compared to satellite retrievals in order to better discriminate the aerosols sources and
mixing.

3.3.1 Spectral dependence of AOT

We present in Fig. 4 the DJF AEAOT from RegCM and the three satellite sensors.The
DJF MISR AEAQT displayed in Fig. 4 clearly exhibits the lowest values in the Saharan
desert pointing out the source of coarse dust aerosols. The Deep Blue MODIS AEAOT
over the Saharan region is comparable to MISR estimates but highlights the Bodélé
source. In addition, OMI AEAOT shows comparable values of AEAOT over the desert
but does not display any regional contrast. Over the Sahelian band, the MISR and
OMI sensors display greater values of AEAOT consistent with a higher contribution
of fine particles to the aerosol mixing. We note also that MISR AEAOT show higher
values in the eastern part of the Sahelian belt (~1.1-1.2) than in the western part
(~0.7-0.9), probably due to higher emissions of biomass burning aerosols. Over the
Gulf of Guinea, MISR AEAOT shows intermediate values (~0.6-0.7) between AEAOT
observed over the Sahara (~0-0.5) and those observed over the Sahel. In parallel,
OMI AEAOT values over the Gulf of Guinea (~0.5-0.6) are similar to those observed
over Sahara but should be taken with caution as OMI AOT is less accurate over ocean.

The RegCM AEAOT clearly shows the same inconsistency as the one mentioned
when compared with AERONET/PHOTON ones. Indeed, the northern part of the
domain is associated with negative value where dust aerosols dominate the mixing.
Over the Sahel and Gulf of Guinea, RegCM AEAOT increases in agreement with the
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contribution of biomass burning aerosols.

Figure 4 represents the averaged AEAOT over the three subdomains represented in
Fig. 2. Itis interesting to note that in JUA, when dust aerosols are the only major contrib-
utor to the total bulk aerosols in western Africa, the AEAOT values for the three satellite
products over the Sahel show higher values than in DJF whereas AEAOT remains con-
stant in the Atlantic outflow illustrating the surface influence on AQT retrievals.

3.3.2 Spectral variation of aerosol absorbing properties

The wavelength dependence of the absorption is a function of the size of the particle
(as AEAOT) and chemical composition of aerosols. Absorpting properties can be used
to identify aerosols sources, differentiate black carbon to dusts and reduce ambiguities
in aerosol composition or mixtures resulting from AEAQOT study only. It is shown that the
exponent of absorption have a 1/ dependence for spherical particles if the refractive
indices are constant (Bohren and Huffman, 1983). Several studies (e.g. Bergstrom
et al., 2007; Russell et al., 2010) have used these absorption angstrom exponent to
retrieve useful informations on aerosol type.

In order to get additional informations to distinguish the aerosol mixture, we have
computed the AEAAQOT over the three subdomains (Fig. 2) for DJF and JJA seasons
in Fig. 4 (right side).

The satellite observations show values of AEAAOT ranging from 3 and up to 5
over the Sahara, slightly higher than the value of 2.34 for dust aerosols estimated by
Bergstrom et al. (2007) based on the PRIDE campaign but comparable to the AEAAOT
estimated by Russell et al. (2010) over AERONET/PHOTON dusty sites. Over the Sa-
hel, the AEAAOT for the three sensors, is reaching values encompassed between
2 and 3. During DJF, this should be consistent with the fact that biomass burning
aerosols (with AEAAOT ~1.45-2) should contribute to the total aerosol absorption and
tend to decrease the value of AEAAOT. However, we note that during JJA, the AEAAOT
increases only in MISR estimates to reach similar values as over the Sahara and the
Atlantic outflow dominated by dust aerosols.
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Figure 5 shows the AEAOT versus AEAAOT for the averaged sub domains estimated
by the three sensors. It seems that the Saharan averages (pure dust) show the low-
est values of AEAOT combined with the highest values of AEAAOT whereas over the
Sahel, and during the dry season (when Biomass Burning aerosols are present), the
AEAOQOT increases while AEAAQOT decreases.

We clearly see some differences between simulated AEAAOT and satellite esti-
mates. The RegCM simulated AEAAQT is slightly lower than 1 (the theoretical value
for pure Black Carbon) which exhibits strong weakness of the aerosols spectral proper-
ties in the RegCM model. In that sense, the current aerosol optical properties need to
be better refined in order to assess their radiative forcing and climatic impact in future
studies.

4 Summary and concluding remarks

The aim of this work is to evaluate aerosol optical properties simulated by the RegCM3
model for a long term (2000—2006) simulation over the West Africa region. Compared
to the available literature, this modelling work includes smoke particles in the calcula-
tion. As absorbing properties of particles are clearly known to represent a critical pa-
rameter concerning the aerosol-climate interactions, we conducted comparisons with
(1) classical local AERONET/PHOTON inversions but also with (2) new original satel-
lite (MODIS, OMI, MISR) products providing informations on aerosol absorbing proper-
ties. Hence, in addition to the AOT, we used the Absorbing Aerosol Optical Thickness
(AAOT) and Single Scattering Albedo (SSA) variables to evaluate the simulated ab-
sorbing properties in RegCM3. Comparisons of the simulated spectral dependence of
optical properties (i.e., which is not always reported in the literature) with surface and
satellite observations are also reported.

Concerning AQT, our results display a relatively good agreement with local obser-
vations but some differences are underlined with satellite estimations, especially over
Central Africa and Gulf of Guinea during summer time. Errors on biomass burning
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emissions, together with satellite retrievals could explain the difference obtained over
Central Africa. Above the Gulf of Guinea, satellite estimations could indicate the pres-
ence of dust particles, which are not correctly estimated by the RegCM model.

We observed in RegCM outputs a consistent north to south gradient of SSA over
land during the dry season. The highest values are obtained in the northern part
(0.89 at 440 nm) of the domain dominated by dust aerosols, and the lowest values of
SSA eastern Sahel (i.e. Central Africa) where biomass burning emission are maximum
(~0.83 at 440nm). Although the North-South SSA gradient is also observed in both
OMI and MISR sensors, the RegCM simulated SSA display much more absorbing
aerosols than satellite estimates. It should be noted that our study reveals also large
differences in satellite (OMI, MISR, MODIS deep blue) SSA retrievals over the West
African region. Such differences do not allow for definitively conclude about the ability
of RegCM to reproduce regional realistic SSA over this region.

Finally, our work highlights that the spectral dependence of aerosol optical proper-
ties is constrated over the domain, so that sources of aerosols and their influence in
the atmospheric mixing can be tracked through satellite observations. This approach
enabled us to exhibit strong weakness of the aerosol spectral properties in RegCM.
In that sense, the current aerosol optical properties need to be better refined in order
become a powerful tool of comparison with latest original satellite retrievals.
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Table 2. Comparison of averaged DJF and JJA AOT, SSA and AOT Angstrom Exponent
(AE) from RegCM, AERONET/PHOTON, MISR and Modis (Deep Blue) for the site of Agoufou,
llorin, Banizoumbou, Capo Verde and Djougou for data available between January 2001 and
December 2006.

AGOUFOU (15" N,1"W) ILORIN (8"N.4°E) BANIZOUMBOU (13'N.2"E) CAPO VERDE (16°N,22"W) DJOUGOU (9"N,1°E)
DJF JIA DJF JUA DJF JIA DJF JIA DJF JUA
Tuaojers 0.36/0.46 0.50/0.70 041/0.41 021/0.28 032/0.40 0.35/0.50 0.22/0.30 0.47/0.68 037/0.38 024/033
RegCM3 ~ SSAugers 087300926  0.892/0.943 0838/0.885  0.882/0.935 0879/0930  0.905/0.953 0.902/0.950 09130958 0850/0.900  0.899/0.948
AEqjers 053 -0.78 -0.05 -0.59 -0.49 -0.82 -0.70 -0.87 -0.14 -0.71
Tyaosers 0.43/0.38 0.65/0.63 1.00/0.76 0.43/031 047/0.41 051/0.46 0.26/0.22 0.50/0.46 0.84/0.66 0.69/0.60
AERONET ~ SSAwcjers  0.890/0.936  0.891/0.943 0871/0.904  0.913/0.920 0919/0961  0.922/0.955 0.858/0.897 09130962 08380872 09130917
AEuoo 041 014 072 084 021 042 0.44 0.19 074 069
Tyasjers 0.34/0.28 0.65/0.52 0.64/0.47 0.36/0.20 040033 0.59/0.45 0.30/0.24 062053 053/0.41 029/0.18
MISR SSAuq/ers  0.967/0.988  0961/0.993 0955/0.977  0.956/0.968 097210993 0.968/0.993 0.945/0.986  0.940/0.991 0958/0.980  0.950/0.954
*AE 056 054 069 143 053 068 054 036 065 1.16
Tyaoses0 0.52/0.38 0.67/0.62 NANA NANA 059/0.41 071057 0.20/0.13 0.54/0.60 0.66/0.40 0300021
MODIS SSAuge  0.9330.974 09230974 NANA NANA 0935/0.974  0.923/0.974 0.937/0.975 092500975 0953/0.975  0.934/0.975
(Deep Blue) *AEspu 075 030 NANA NANA 089 059 099 -0.18 1.10 093

" For AERONET data we have reported the AE from the skyradiance measurements
2 MISR AE is estimated from the four channels (443, 555, 670, 875 nm) measurements
3Deep Blue AE is provided between 412 and 470 nm. The range of Deep Blue AE is —0.5 to 5.
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Fig. 1. Aerosols optical thickness averaged between 2001 and 2006. First row, RegCM (at )
500 nm), Second Row MISR (at 555nm), third Row MODIS/DEEP BLUE (at 550 nm between S
2002 and 2006), last row OMI (at 500 nm between 2004 and 2006). Left Side panel: DJF ¥
Average, Right side panel: JJA average. All presented data have been re-aggregated ona

1°x1° regular grid.
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Fig. 2. Similar as Fig. 1 but for aerosol Single Scattering Albedo at 440nm (500 nm for OMI

SSA).

RCM SSA (440 nm)
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