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Abstract. A fully coupled meteorology-chemistry-aerosol an average of 22 W nf over North Africa. This highlights
model (WRF-Chem) is applied to simulate mineral dustthe importance of including dust radiative impact in under-
and its shortwave (SW) radiative forcing over North Africa. standing the regional climate of North Africa. When com-
Two dust emission schemes (GOCART and DUSTRAN) andpared to the available measurements, the WRF-Chem simu-
two aerosol models (MADE/SORGAM and MOSAIC) are lations can generally capture the measured features of min-
adopted in simulations to investigate the modeling sensitivi-eral dust and its radiative properties over North Africa, sug-
ties to dust emissions and aerosol size treatments. The modesting that the model is suitable for more extensive simula-
eled size distribution and spatial variability of mineral dust tions of dust impact on regional climate over North Africa.
and its radiative properties are evaluated using measurements
(ground-based, aircraft, and satellites) during the AMMA
SOPO campaign from 6 January to 3 February of 2006 (the; |htroduction

SOPO period) over North Africa. Two dust emission schemes

generally simulate similar spatial distributions and tempo-Mineral dust, one of the most abundant aerosol species in
ral evolutions of dust emissions. Simulations using the GO-the atmosphere in terms of mass, has important climatic ef-
CART scheme with different initial (emitted) dust size distri- fect through its influence on solar and terrestrial radiation and
butions require~40% difference in total emitted dust mass the radiative and physical properties of clouds (e.g., Sokolik
to produce similar SW radiative forcing of dust over the Sa-et al., 1998; Ginoux et al., 2001; Ramanathan et al., 2001;
hel region. The modal approach of MADE/SORGAM re- Lau et al., 2009). The Sahara desert over North Africa is the
tains 25% more fine dust particles (raditis25 um) but 8%  largest source of mineral dust in the world; mineral dust can
less coarse dust particles (radits 25 pm) than the sectional  modify the hydrological cycle over North Africa and mod-
approach of MOSAIC in simulations using the same size-ulate the tropical North Atlantic temperature (e.g., Miller et
resolved dust emissions. Consequently, MADE/SORGAMal., 2004; Evan et al., 2009; Lau et al., 2009). Since finer dust
simulates 11% higher AOD, up to 13% lower SW dust heat-particles can be lifted to high altitudes, where they are trans-
ing rate, and 15% larger (more negative) SW dust radiativeported over long distances (often thousands of kilometers)
forcing at the surface than MOSAIC over the Sahel region. Infrom the source regions, Saharan dust can also play an im-
the daytime of the SOPO period, the model simulations showportant role in modifying climate on the global scale, when
that the mineral dust heats the lower atmosphere with an avtransported northward across the Mediterranean region up to
erage rate of 0.8 0.5 K day* over the Niamey vicinity and  central and northern Europe, or westward across the Atlantic
0.5+ 0.2Kday ! over North Africa and reduces the down- Ocean occasionally to the eastern coast of the United States
welling SW radiation at the surface by up to 58 W#with (e.g., Moulin et al., 1997; Miller et al., 2004; Chin et al.,

2007; Flaounas et al., 2009).
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Despite the climatic importance of mineral dust on both The Weather Research and Forecasting (WRF) model
regional and global scales, modeling of size-resolved spatia{Skamarock et al., 2008) has been used for regional air qual-
distribution of mineral dust and its radiative forcing remains ity and climate studies (e.g., Fast et al., 2006 and 2009; Le-
uncertain and challenging, as highlighted by IPCC (2007).ung et al., 2006; Wang and Liu, 2009; Qian et al., 2009;
The large uncertainty in simulating mineral dust and its ra-Zhang et al., 2009). WRF-Chem is a version of WRF that
diative forcing mainly resides in the estimation of the size- also simulates trace gases and particulates simultaneously
resolved dust emissions in the source regions, the treatmentith the meteorological fields (Grell et al., 2005). Since
of aerosols in models (e.g., representation of aerosol siz¢he dust radiative effect on climate is likely to be espe-
distributions), and the determination of optical properties ofcially important on the regional scale (e.g., Nickovic et al.,
mineral dust (e.g., Ginoux et al., 2001; Zender et al., 2003;2001; Gong et al., 2003; Zakey et al., 2006), we use two
Kalashnikova et al., 2004; Balkanski et al., 2007; Darmen-dust emission schemes that were recently implemented in
ova et al., 2009; McConnell et al., 2010). This study mainly WRF-Chem to investigate the regional radiative forcing of
focuses on the first two sources of uncertainty in modelingmineral dust and its sensitivities to size-resolved dust emis-
mineral dust and its radiative forcing. sions. One scheme was developed by Ginoux et al. (2001)

Dust emission fluxes are widely modeled through param-for the Goddard Global Ozone Chemistry Aerosol Radia-
eterizations of suspension (by which soil particles are sustion and Transport (GOCART) model (referred to as GO-
pended into the air), saltation (sand blasting) and creepindCART hereafter), which has been widely used in regional
(slow progression of soil and rock) processes associated witlind global models. The other was developed by Shaw et
wind erosion (Bagnold et al., 1941). The initial size distribu- al. (2008) for the DUST TRANsport model (DUSTRAN;
tion of emitted dust is either based on soil texture data that aréllwine et al., 2006) (referred to as DUSTRAN hereatfter).
not always available and have large uncertainty due to spatidh addition, both schemes are coupled with two aerosol mod-
heterogeneity, or on measurements of the background dust iels, MADE/SORGAM (modal approach) and MOSAIC (sec-
the atmosphere, which may not be representative of the dugtonal approach), to investigate modeling sensitivities to the
in its emission fluxes because the lifetime of dust particles isrepresentation of aerosol size distributions within the frame-
size dependent (e.g., d’Almeida and Schutz, 1983; Tegen ework of WRF-Chem.
al., 1997; Ginoux et al., 2001; Shaw et al., 2008). The size As the first step in our studying the regional climatic ef-
distributions of dust particles in the atmosphere are mainlyfect of mineral dust, the objective of this study is two-fold:
represented using modal or sectional approaches in aeros@l) to evaluate the performance of WRF-Chem in simulating
models. A modal approach represents the size distribution ofnineral dust and its radiative forcing over North Africa, and
aerosols by several overlapping intervals, called modes, norf2) to quantify modeling sensitivities to the representations
mally assuming a log-normal distribution within each mode, of dust emissions and aerosol size distributions. The paper is
while a sectional approach represents the size distributiomrganized as follows. Sections 2 and 3 detail the WRF-Chem
of aerosols by several discrete size bins, which are definethodel and the observations used in this study. The size-
by their lower and upper dry particle diameters. Generallyresolved spatial distribution of mineral dust and its modeling
speaking, a modal approach is less accurate because of isensitivities to dust emissions and aerosol size treatments are
assumption of log-normal distribution and limited number of analyzed in Sect. 4. The shortwave (SW) radiative forcing of
modes, but it is computationally cheaper than a sectional apmineral dust and its modeling sensitivities to model param-
proach that uses more bins. eterizations are investigated in Sect. 5. The paper concludes

In order to constrain model simulations of mineral dust in Sect. 6.
and its radiative forcing, extensive measurements in dust
source regions are needed. One such dataset is from the Dust
and Biomass burning Experiment (DABEX), which occurred 2 Model description
from 13 January to 3 February 2006 in the vicinity of Ni-
amey in North Africa (Haywood et al., 2008). Aircraft mea- 2.1 WRF-Chem
surements from DABEX, complemented by ground-based
remote sensing measurements at the Aerosol Robotic NeWRF-Chem, a version of WRF (Skamarock et al., 2005),
work (AERONET) sun-photometer sites (Dubovik and King, simulates trace gases and particulates simultaneously with
2000) and the U.S. Department of Energy’s Atmosphericthe meteorological fields (Grell et al., 2005). The WRF-
Radiation Measurements (ARM) Program Mobile Facility Chem model is initially configured with the RADM2 (Re-
(AMF) (located at the Niamey airport) (Miller and Slingo, gional Acid Deposition Model 2) photochemical mechanism
2007), have been used by previous studies to investigate thgstockwell et al., 1990) and the MADE/SORGAM (Modal
formation, transport, and temporal and spatial distribution of Aerosol Dynamics Model for Europe (MADE) and Sec-
mineral dust and its radiative forcing during various dust out-ondary Organic Aerosol Model (SORGAM)) aerosol model
break cases over North Africa (e.g., Greed et al., 2008; Mil-(Ackermann et al., 1998; Schell et al., 2001). The CBM-
ton et al., 2008; Myhre et al., 2008; Tulet et al., 2008). Z (Carbon Bond Mechanism) photochemical mechanism
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(Zaveri and Peters, 1999) and MOSAIC (Model for Sim- tion is conducted by reinitializing meteorological conditions
ulating Aerosol Interactions and Chemistry) aerosol modelevery 5 days with NCAR/NCEP reanalysis data and includ-
(Zaveri et al., 2008) were implemented by Fast et al. (2006)ing an overlap period of one day for each simulation block
into WRF-Chem, which also includes more complex treat-for meteorological spin up, starting from 1 January 2006
ments of aerosol radiative properties and photolysis ratesto 5 February 2006. The re-initialization of meteorologi-
MADE/SORGAM in WRF-Chem uses the modal approach cal conditions can reduce the bias in meteorological simu-
with three modes (Aitken, accumulation, and coarse modeslations. Only the simulated results from 6 January 2006 to
to represent the aerosol size distribution, while MOSAIC 5 February 2006 (referred to as the simulation period here-
uses a sectional approach where the aerosol size distribwafter) are used in the analysis to minimize the impact from
tion is divided into discrete size bins. Eight size bins the chemical initial conditions. Only the simulated results
(0.039-0.078 um, 0.078-0.156 pm, 0.156—-0.312 um, 0.312at the 176120 interior points (289W-32.9 E, 5.0 S-
0.625um, 0.625-1.25um, 1.25-2.5um, 2.5-5.0um, 5.0-32.1° N) of the horizontal domain with 260150 grid points
10.0 um dry diameter) are employed in this study as in Fast eare used for analysis to minimize the potential spurious
al. (2006, 2009). Each size bin (or mode) is assumed to be inanomalies from the lateral boundary conditions. Anthro-
ternally mixed so that all particles within a size bin (or mode) pogenic emissions are obtained from the Reanalysis of the
are assumed to have the same chemical composition. ITROpospheric (RETRO) chemical composition inventories
both of the MADE/SORGAM and MOSAIC aerosol models, (http://retro.enes.org/index.shiml Biomass burning emis-
aerosols are mainly composed of sulfate, nitrate, ammoniumsions are obtained from the Global Fire Emissions Database,
organic matters (OM), black carbon (BC), water, sea saltVersion 2 (GFEDv2.1) with 8-day temporal resolution (Ran-
and mineral dust. The aerosol optical properties such as exderson et al., 2005) and vertically distributed following in-
tinction, single-scattering albedo, and the asymmetry factojjection heights suggested by Dentener et al. (2006) for the
for scattering are computed as a function of wavelength andherosol InterComparison project (AeroCom), because of in-
three-dimensional position. Each chemical constituent of thesufficient information available to perform plume rise calcu-
aerosol is associated with a complex index of refraction. Thdations over North Africa. In this study, the Goddard short-
refractive index is calculated by volume averaging for eachwave radiation scheme and Lin’s microphysics scheme are
size bin (or mode), and Mie theory is used to estimate theused to represent the aerosol direct and indirect effects (1st
extinction efficiency Q) and the scattering efficiencyg). and 2nd) as described in Gustafson et al. (2007), respectively.
To efficiently compute th€e and 05, WRF-Chem has used Since aerosol direct effect on longwave radiation has not yet
a methodology described by Ghan et al. (2001), which perbeen implemented in WRF-Chem during this study and the
forms full Mie calculations once first to obtain seven sets of simulated cloud optical depth (figure not shown) is very low
Chebyshev expansion coefficients, and later on, the full Mie(<1) over the most regions of continent during the simulation
calculations are skipped and thi: and Qs are calculated period, this study focuses on the analysis of the SW radiative
using bilinear interpolation over the seven sets of the storedorcing of mineral dust.

Chebyshev coefficients. A detailed description of the com-

putation of aerosol optical properties in WRF-Chem can bes 2 puyst emission

found in Fast et al. (2006) and Barnard et al. (2010). The

version 3'1'1 of WRF-(_:hem is gsed in this study, but i_t_is Two dust emission schemes, GOCART and DUSTRAN,
updated W|th_ the cap_ablllty of using the same dry deposmonare coupled with both the MADE/SORGAM and MOSAIC
treatment (Binkowski and Shankar, 1995; Ackermann et al"aerosol models within the framework of WRF-Chem to study
1998) fgr the.MADE/S_ORGA.M and MOSAIC aerosol mod— the modeling sensitivities to dust emission schemes. As de-
els, which will be available in the next released version of scribed in Ginoux et al. (2001), the GOCART scheme calcu-

WRF-Chem. L
. . i lates the dust emission fluX as
In this study, WRF-Chem is configured to cover North

Africa (36.15 W-40.15 E, 9.2 S-37.0 N) with 200x 150

grid points, a 36km horizontal resolution centering at Ni- G = CSspu3om(t10m— )

amey (Niger) (2.0E, 13.6 N), and 35 vertical layers to

10hPa. The Noah land surface model and Mellor-Yamadawhere C is an empirical proportionality constang, is a
Janjic Planetary Boundary Layer (PBL) scheme are usedsource function which defines the potential dust source re-
Meteorological fields are assimilated with the lateral bound-gions and comprises surface factors, such as vegetation and
ary and initial conditions from NCAR/NCEP Global reanal- snow coversy is a fraction of each size class of dustin emis-
ysis data. Chemical lateral boundary conditions are fromsion, u1om is the horizontal wind speed at 10 na; is the

the default profiles in WRF-Chem, which are the same ashreshold wind velocity below which dust emission does not
those in the work by McKeen et al. (2002) and are basedoccur and is a function of particle size, air density, and sur-
on averages of mid-latitude aircraft profiles from severalface moisture. In this study, the source functrshown in
field studies over the eastern Pacific Ocean. The simulaFig. 1, is prescribed as in Ginoux et al. (2001). As described
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Fig. 1. Spatial distribution of desert and semi-desert masks determined by the Olson World Ecosystem database (29 classes) for the DUS-
TRAN scheme and the dust source function (Ginoux et al., 2001) for the GOCART scheme over North Africa. The black triangles represent
the locations of the six AERONET sites. The Niamey airport, 60 km northwest from the Banizoumbou site, is also shown with the same
triangle as Banizoumbou.

by Shaw et al. (2008), the DUSTRAN scheme calculates thestandard deviatiorog) of the log-normal distribution and the

dust emission fluxG as mass fractionsKy,) among different modes) that are needed
Futtat for the MADE/SORGAM aerosol model. Therefore, in this
G=aCuf(l— » ) study, the two schemes are only used to calculate the total
%

dust mass fluxes and the size distribution of emitted dust is
where C is an empirical proportionality constant, is the estimated as discussed in following.
vegetation mask accounting for vegetation type effast, When estimating the size distributions of emitted dust,
is the friction velocity,u., is the threshold friction velocity we estimate the log-normal size distribution for the
(20cms! following Shaw et al., 2008) below which dust MADE/SOGAM aerosol model first, and then integrate the
emission does not occur, anf, is the soil wetness factor mass following the log-normal size distribution into the eight
accounting for soil moisture effect. In this study, the veg- size bins in the MOSAIC aerosol model, to make the size dis-
etation masks are determined by the Olson World Ecosystributions of emitted dust consistent between the two aerosol
tem database (Olson, 1992), amds assigned to be 0.5 for models. For the log-normal size distribution, we assume that
semi-desert, 1.0 for desert, and O for others following Shawdust particles are emitted in accumulation and coarse modes.
et al. (2008) (Fig. 1). Although the values of the empirical The oy of the two modes are obtained from the values (2.2
proportionality constant were provided by both Ginoux et for accumulation mode and 1.73 for coarse mode) suggested
al. (2001) and Shaw et al. (2008), the values are highly tunfy Osborne et al. (2008) for the DABEX measured dust over
able because they were estimated initially based on regionahe dust source region and are constant during the simula-
specific data. Therefore, in this study, we tune ¢heval-  tion, while the volume mean diameters of aerosols in the
ues to make the model simulated mean AOD consistent witltwo modes are updated from the predicted aerosol mass and
the AERONET measurements at the two sites, Banizoumbowumber concentrations in each mode during the simulation.
and IER Cinzana, over the Sahel region. The tuned C valueFhe first group ofdpgy and Fy, of emitted dust in the two
in different simulation cases are discussed in the following.modes are estimated to best represent the original size distri-
Only dust particles with radius less than 10 pm are emittedoution (in eight size bins) of emitted dust from the GOCART
by the GOCART and DUSTRAN schemes in our simula- scheme. The,g, and Fy, for the two modes are adjusted to
tions, because particles larger than 10 pm radius generallyninimize root mean square (RMS) of the difference between
have short atmospheric lifetimes due to gravitational settlingthe two-mode log-normal size distribution and the GOCART
(Tegen and Fung, 1994). original size distribution (in eight size bins). This way, we
Originally, both the GOCART and DUSTRAN schemes obtained the first modal size distribution (Modall) with 15%
model the emitted dust into several size bins. The GO-of mass distributed in the accumulation modgy(=2.91 pm
CART scheme distributes the emitted dust into eight sizeandoy=2.20) and 85% of mass distributed in the coarse mode
bins (0.1-0.18 pm, 0.18-0.3 um, 0.3-0.6 um, 0.6-1.0 um, 14dy,=6.91 pm andz=1.73) as shown in Fig. 2. We then in-
1.8um, 1.8-3 um, 3—6 um, and 6-10 pm in radius), while thetegrate the mass following the Modal1 size distribution into
DUSTRAN scheme distributes the emitted dust into two sizethe eight size bins in the MOSAIC aerosol model to obtain
bins (0.5-1 pum and 1-10 pm in radius). Neither scheme prothe corresponding sectional size distribution (Sect. 1).
vides directly the log-normal size distribution parameters of
emitted dust (i.e., the volume median diametig() and the
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1.0000 £ w E Table 1. WRF-Chem simulations.
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Modall Modal2 Sectl

r GOCART Modall-G Modal2-G  Sectl-G
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[ [ ] M Sectl )
0.1000 - 3

Modall and Modal2 represent the two modal size distributions of emitted dust in the
MADE/SORGAM aerosol model. Sectl represents the sectional size distribution of
emitted dust in the MOSAIC aerosol model corresponding to the Modall modal size
distribution.

0.0010 - E

Normalized dV/diIn(r) of emitted dust
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0.01 0.10 1.00
Radius [um]
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have the same total amount and size distributions of emit-
Fig. 2. Normalized volume size distributions of emitted dust ted dust. TheC value in Modal2-G is tuned differently to
from two cases for modal approach (Modall and Modal2) in Q.40 ugém‘5 to make Modal2-G simulated AOD similar
MADE/SORGAM and one case for sectional approach (Sectl) into that from Modal1l-G over the dust source region’ because
MOSAIC. Modal2-G has a different size distribution of emitted dust,
which can greatly affect the dust optical depth. For the DUS-
TRAN scheme, the value is tuned to 0.3810 14 gcm®
s~3 based on Sect1-D results. The origigalalues are 1.0
pg € m—2in Ginoux et al. (2001) and 1:010 1 gcm 6 s3
in Shaw et al. (2008).

In order to investigate the modeling sensitivities of mineral
dust and its radiative forcing to size distributions of emitted
dust, we estimate another groupdpy and Fr, of emitted
dust for the modal size distribution in the MADE/SORGAM
aerosol model. The second log-normal size distribution
(Modal2) is obtained from the two-mode log-normal size dis- 3 pMeasurements
tribution suggested by Osborne et al. (2008) for the DABEX
measured dust over the dust source region (Fig. 2). In or31 DABEX aircraft in-situ measurements
der to best fit the size distribution of measured dust during
the DABEX, Osborne et al. (2008) provides two-mode log- The Dust and Biomass-burning Experiment (DABEX) is a
normal distribution with 13% of mass into the accumulation United Kingdom (UK) Met Office led field campaign in-
mode (pgv=1.26 um andy=2.20) and 87% of mass into the volving the UK FAAM aircraft to investigate the properties
coarse modedpg,=4.5 um and4=1.73). The size distribu- of mineral dust and biomass burning aerosols over North
tions of Modall, Modal2, and Sectl are shown as normalizedafrica in the vicinity of Niamey, Niger from 13 January to
volume size distributions in Fig. 2, where the total volume of 3 February in 2006 (referred to as the DABEX period here-
emitted dust is normalized to 1. Modal2 distributes moreafter). It coincided with the dry season special observing
emitted dust,~15% of the total mass, into the submicron period (SOP-0) of the African Monsoon Multidisciplinary
regime (radius:1 um), versus~6% in Modall. The differ-  Analysis (AMMA) (Redelsperger et al., 2006). The flights
ence in size distributions of emitted dust will result in dif- of the FAAM aircraft were coordinated with ground obser-
ferences of not only the size distribution but also the spatialvations and an ultra-light aircraft that were deployed as part
distribution and hence the radiative forcing of mineral dustof AMMA-SOP-0 (Haywood et al., 2008). In this study, the
(Sects. 4.2 and 5). DABEX measured size distributions of mineral dust, aerosol

With two dust emission schemes (GOCART and DUS- optical depth, and aerosol extinction profiles are used for
TRAN), two aerosol models (MADE/SORGAM and MO- model evaluation. The aerosol extinction profiles were de-
SAIC), and different size distributions of emitted dust rived from a nephelometer, an instrument for measuring sus-
(Modall and Modal2), we conducted four WRF-Chem sim- pended particulates in a liquid or gas colloid, and a Particle
ulations to investigate the modeling sensitivities of mineral Soot Absorption Photometer on the FAAM aircraft (Johnson
dust and its radiative forcing to 1) dust emission schemestal., 2008a). The Ang€im exponent is used to partition the
(Sectl-G versus Sectl-D); 2) size distributions of emittedaerosol extinction profiles between mineral dust and biomass
dust (Modal1-G versus Modal2-G); and 3) aerosol size treatburning aerosols. The overall uncertainty of the extinction
ments (Sectl-G versus Modall-G). The simulations are sumeoefficient was estimated to be arousd 0% for biomass
marized in Table 1. Th€ values in dust schemes are tuned burning aerosols angt25% for mineral dust (Johnson et al.,
differently for different cases. For the GOCART scheme, the2008a). A detailed description of the instruments and analy-
C value is tuned to 0.65 ug s~ based on Sect1-G results sis of the physical and optical properties of mineral dust and
and is kept the same for Sectl-G and Modall-G because thegerosol extinction profiles during the DABEX can be found
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in Haywood et al. (2008), Johnson et al. (2008a, b), and Osthrough December in 2006 (Miller and Slingo, 2007). The
borne et al. (2008). aerosol extinction and broadband SW heating profiles and
During the DABEX, the size distributions of particles be- column-averaged SSA derived from the AMF are used in
tween 0.05 and 1.5 um in radius were measured by the Paghis study. Aerosol extinction profiles at 523 nm are calcu-
sive Cavity Aerosol Spectrometer Probe 100-X (PCASP)lated using a micropulse lidar (MPL) and the column AOD
mounted externally under the aircraft wing. Particles largeris retrieved from the MultiFilter Rotating Shadowband Ra-
than 1.5 um were measured using PCASP-X mounted insiddiometer (MFRSR). The total uncertainty in the derived ex-
the aircraft cabin that used a counter flow virtual impactortinction profiles is estimated to be 0.093kfin the dust
(CVI) inlet operating in a passive aerosol mode (Johnson etayers and slightly less in the biomass burning layers (McFar-
al., 2000; Osborne et al., 2008). The raw data from the instrudane et al., 2009). The column-averaged SSA and asymmetry
mentation contains some noise and bin-to-bin fluctuationgparameter at five wavelengths were retrieved from MFRSR
due to the difficulties of assigning counted particles to theobservations using the retrieval technique described by Kas-
correct size bin. The in-situ probes measure scattered signaianov et al. (2007). Using the derived extinction profiles and
and relate this to particle size through a set of assumptiongerosol optical properties, along with observations of temper-
and Mie theory. In some regions of the size spectrum thereature and water vapor from the AMF measurements, broad-
is not a unique relationship between scattered signal and pabkand SW heating profiles were calculated at 15-min intervals
ticle size (multiple sizes can theoretically give the same sig-using a 1-D radiative transfer model. The details of the re-
nal amplitude due to the phenomena of optical resonance)rievals of the aerosol extinction and column-averaged SSA
Therefore, the fitted line was constructed of log-normals in-and the calculations of the SW heating profiles can be found
stead of the raw data to show size distributions of particlesn McFarlane et al. (2009).
(Osborne et al., 2008). The log-normals naturally smooth
over some of these instrumental features and are thereford.4 MODIS
more realistic of the real aerosol size distributions. The fit-
ted line is used in the comparison with model results in thisThe Moderate Resolution Imaging Spectroradiometer

study. (MODIS) instruments on board the NASA Terra and Aqua
platforms are uniquely designed with wide spectral range,
3.2 AERONET surface observation network high spatial resolution, and near daily global coverage to ob-

serve and monitor the Earth changes including tropospheric
The Aerosol Robotic Network (AERONET) (Holben et al., aerosols (Kaufman et al., 1997). The standard MODIS
1998) with ~100 identical globally distributed sun- and aerosol product does not retrieve aerosol information over
sky-scanning ground-based automated radiometers providéwight surfaces (e.g., Sahara desert) due to a strong surface
measurements of aerosol optical properties throughout thepectral contribution in the visible range (Kaufman et al.,
world (Dubovik and King, 2000; Dubovik et al., 2002). In 1997). However, recently, a new algorithm, called “Deep
this study, the AERONET measured aerosol optical depthBlue algorithm” (Hsu et al., 2006), has been integrated with
(AOD) and single scattering albedo (SSA) at 675nm andexisting MODIS algorithm to retrieve AOD even over bright
440 nm from six sites over North Africa are used to derive surfaces. Therefore, in this study, the retrieved “deep blue”
the AOD at 550 nm (using the Angétn exponent) and SSA AOD from MODIS (Collection 5) (only available over land
at 600 nm (using linear interpolation) for comparison with and from the MODIS on Aqua so far) (Levy et al., 2007;
model results and other retrievals. These six sites are BaniRemer et al., 2005) is used over the land, while the standard
zoumbou (18N, 2° E) and IER Cinzana (F, 5°W) over  retrieved AOD is used over the ocean. The MODIS on board
the Sahel region, Djougou{®, 1° E) and llorin (8 N, 4° E) the Agua platform passes over the equator-aB:30 LT
over the southern biomass burning region, Dakar {4  during the daytime (Kaufman et al., 1997). When comparing
16° W) at the coast, and Capo Verde {1, 222 W) on a  model simulated AOD with MODIS retrievals, model results
near-coast island. Each site is shown in Fig. 1 as a trianare sampled in the same overpass time as Aqua.
gle. All of the retrievals of AOD and SSA selected in this
study are quality level 2, and the uncertainty of AOD mea-3.5 MISR
surements is about0.01 (Holben et al., 2001).

The Multi-angle Imaging SpectroRadiometer (MISR) instru-
3.3 ARM MPL lidar ment on board the NASA Terra platform has been producing

AOD globally since February 2000. MISR observes contin-
The US Department of Energy’s Atmospheric Radiation uously at nine distinct zenith angles, ranging front &b
Measurements (ARM) Program Mobile Facility (AMF) was terward to 70 forward, and in four narrow spectral bands
fully equipped with comprehensive instrumentation and wascentered at 446, 558, 672, and 866 nm. MISR’s unique blend
located at the Niamey airport, which is60km north-  of directional and spectral data allows aerosol retrieval al-
west from the AEROENT Banizoumbou site, from January gorithms to be used not depending on explicit radiometric
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Fig. 3. Dust emissions from the DUSTRAN and GOCART dust schemes and biomass burning emissions (OC+BC) from the GFEDv2
inventory for the simulation period (6 January—5 February 2006) over North Africa. “BBurn” represents biomass burning.

surface properties. As such, MISR can retrieve aerosol propnear the dust source regions (Sect. 5). Modall-G simulates
erties even over the highly reflective surfaces like desertdhe same dust emissions as Sect1-G, while Modal2-G sim-
(Diner et al, 1998; Martonchik et al., 2004). The MISR on ulates similar spatial and temporal distributions of emitted
board the Terra platform passes over the equaterl@t45 dust but~40% less of total emission amount (124 Tg) over
LT during the daytime (Diner et al., 2001). When comparing North Africa during the simulation period than Sectl-G be-
model simulated AOD with MISR retrievals, model results cause of its smallef value to match the simulated AOD by
are sampled in the same overpass time as Terra. Modall-G. Biomass burning emissions (BBurn) of BC and

OC (organic carbon) are also shown in Fig. 2 for compari-

son with dust emissions. Biomass burning emission is the
4 Modeling the dust distribution dominant aerosol source over southern North Africa.

4.1 Dustemissions 4.2 Dust size and spatial distribution

Figure 3 shows the spatial distributions of dust emission

fluxes from the Sect1l-G and Sect1-D simulations with theFigure 5 shows the normalized cross-sectional area size dis-
GOCART and DUSTRAN schemes respective|y averagedributions of the WRF-Chem simulated dust particles in dif-
during the simulation period over North Africa. Both ferent cases in the daytime (09:00-16:00 UTC) during the
schemes simulate similar amountZ00 Tg) of total dust Simulation period over northeast Niamey (I'%58.5 N,
emissions over North Africa during the simulation period 5°—7° W) at 500-1000m above the ground level (a.g.l.),
after the appropriate parameter (toevalue) is adjusted Where the DABEX aircraft sampled the “pure” dust (Os-
as described above. The spatial distributions of dust emisborne et al., 2008). The Cross- -sectional areas of dust par-
sions are mainly dominated by the spatial distributions of theticles are calculated asr?, wherer is the radius of the
dust source function in the GOCART scheme and the deserarticle. The total “normalized” cross-sectional area of dust
and semi-desert masks over North Africa in the DUSTRAN particles is equal to 1. Cross-sectional area size distribution
scheme (F|g ]_) Both schemes simulate consistent Spana;; shown instead of volume size distribution because it can
distribution showing that dust emissions mainly occur overbetter represent the optical properties (i.e., extinction cross-
the Sahara desert regions {M-35 N) of northern North ~ section) of particles. The log-normal fit suggested by Os-
Africa with a large amount of dust emissions over northernborne et al. (2008) to best represent the size distribution of
Niger and Chad, but the DUSTRAN scheme simulates mordhe DABEX aircraft measured “pure” dust is also shown.
dust emissions near the west coast of North Africa. TheAGfOSO' size distributions are also retrieved from AERONET

temporal evolutions of the total dust emissions over Northat the Banizoumbou site; however Osborne et al. (2008)
Africa from the two schemes are well correlated with a cor- showed that the AEROENT retrieved aerosol size distribu-
relation coefficient of 0.96 (Fig. 4), indicating the dominant tions have a large bias versus aircraft measurements over the
influence of the WRF simulated 10-m wind speedg(n) vicinity of Niamey. We obtained the same comparison as
and friction velocity () on the temporal evolution of dust Osborne et al. (2008) and hence do not show the AERONET
emissions in the two schemes. Both schemes simulate thre@trievals in this figure.

dust storms (around 1, 19, and 30 January) with a maxi- Modall-G and Sectl-G simulate different size distribu-
mum daily dust emission of12 Tg during the simulation tions of dust particles, although they have the same size dis-
period, which significantly contribute to the simulated AOD tributions of emitted dust. Modall-G overestimates the dust
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Fig. 4. Daily total dust emissions from the DUSTRAN and GO- 0; E
CART schemes in Sectl-G and Sectl-D cases over North Africa ) 0.1 1.0 10.0
for the simulation period. Radius [um]

Fig. 5. Normalized cross-sectional area size distributions of min-
in the submicron size range and underestimates the dust iral dust from the fitting of DABEX aircraft measurements and the
the super-micron size range compared to the aircraft meawRF-Chem simulations in three cases (Modall-G, Modal2-G, and
surements, while Sect1l-G well captures the features in th&ectl-G). Cross-sectional areas of particles are calculated@s
aircraft measurements. The difference in size distributiongvherer is the radius of a particle.
between Modall-G and Sectl-G mainly results from their
different aerosol size treatments: modal versus sectional ap-

proaches. The poorer performance of the modal approact! < SHm) in the daytime (09:00-16:00 UTC) from differ-
in terms of simulating size distributions of dust, may result €Nt cases (Modall-G, Modal2-G, Sect1-G and Sect1-D) over

from its limited number of modes (only two, accumulation North Africa during the simulation period. The mass con-

and coarse), and the use of constant geometric standard de\ggntrations are shown not only fqr dust p_articles in the whole
ationog. In our model, although the fundamental processes>?€ ranges( < 5 pm) but also for fine particles  1.25 um)

of aerosol dry deposition are parameterized in the same wafind coarse particles. @5 < r < 5 um) separately. The spatial
for both modal and sectional approaches, the presceiged dl_str|but|0ns of dust concent_rat_mns are generally Con5|st_ent
for each mode could cause bias in calculating the aerosol drj¥ith the patterns of dust emissions. With similar dust emis-
deposition rate for that mode. Our sensitivity tests show thatOns; Sectl-G and Sectl-D simulate close domain-averaged
the dry deposition rate is sensitive to the prescribgdor ~ dust concentrations of 197 and 202 ugfior particles in the
each mode in the model. The modal approach retains mor&hole size range, 44 and 43 H@mr fine particles, and 153
fine dust but less coarse dust versus the sectional approa@{!d 159 hg/ 'ﬁ for coarse particles, respectively. Although
with current values afyg (i.e.,0q=2.2 for accumulation mode Modall-G with different aerosol size treatment produces dif-
andog=1.75 for coarse mode), because it simulates a Sma”e.ferent dust size distributions from Sect1-G, it simulates sim-

dry deposition rate for fine particles but a larger dry deposi-"ar dust mass concz_entrations Qf particles in the wholg size
tion rate for coarse particles, compared to the sectional ap/@nge to_Sectl-G with a domain averaged concentration of

proach. Several sensitivity tests with different (0g=1.6— 198 H0/ mi, which may indicate that the total dust burden is
2.5) for accumulation and coarse modes show that the aghinly controlled by the emission and dry deposition pro-
justments o could make the size distribution from modal C€SS€s of dustin the model during the simulation period (dry
approach better or worse versus measurements. The quaﬁeqson with small wet dep03|_t|on effect) near the dust source
titative analysis of the bias from the prescribggof modal ~ r€gion. However, Modall-G simulates 25% higher mass con-
approach in simulating aerosol size distribution will be in the Ce€ntrations (56 Hgfﬁ) for fine dust particles and 8% lower
scope of our future study. The Modal2-G simulated size dis-Mass concentrations (142 ugiyrfor coarse dust particles
tribution shifts towards smaller sizes and has a larger biaghan Sect1-G, reflecting its different dust size distributions
than that of Modal1-G compared to aircraft measurements{rom Sectl-G. Compared to Modall-G, Modal2-G simulates
The difference of dust size distributions between Modal1-G14% lower domain averaged concentrations (170 Aigfor

and Modal2-G results from their use of different size distri- dust particles in the whole size range, 15% higher (66 fig/m
butions of emitted dust. for fine dust particles, and 27% lower (104 pdjrfor coarse

. . . ._ dust particles due to its emissions of less total dust mass but
Different size-resolved dust emissions and aerosol size

treatments result in different dust concentrations. Figure gnore dust particles with smaller sizes.
shows the mean spatial distribution of the WRF-Chem sim-

ulated lower atmospheric<(l kma.g.l.) dust mass con-

centrations of dust particles with radius less than 5um
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Fig. 6. Daytime (09:00-16:00 UTC) dust mass concentrations below 1 kma.g.l. for the simulation period over North Africa from the WRF-
Chem simulations in four cases: Modall-G, Modal2-G, Sectl-G, and Sect1-D. The mass concentrations are shown for dust particles in the
whole size ranger(< 5 um), fine dust particles < 1.25 pm), and coarse dust particles (1.254m< 5 um), respectively.

5 Modeling the shortwave radiative forcing of those from satellite retrievals with correlation coefficients
mineral dust (R) of ~0.70, particularly over the Sahara desert, indicating
that the dust source regions are well represented by the dust
5.1 Impact on Aerosol Optical Depth (AOD) source function in the GOCART scheme and the Olson vege-

tation map in the DUSTRAN scheme over North Africa. The
Mineral dust significantly contributes to the AOD over North WRF-Chem simulation without dust emissions significantly
Africa. Figure 7 shows the mean spatial distribution of AOD Underestimates the domain averaged AOD with a value of
at 550 nm from MISR and MODIS satellite retrievals and 0.20, particularly over the Sahara desert.
the corresponding WRF-Chem simulations with and with-  Figure 8 shows the hourly column AOD at 550 nm from
out dust emissions during the simulation period over NorthWRF-Chem simulations with and without dust emissions, in
Africa. Model results are sampled in the same over-path withcomparison with the AERONET measurements at six sites
satellites. MISR and MODIS show consistent spatial pat-over North Africa, the MISR and MODIS retrievals, and
terns of the AOD with a correlation coefficient of 0.72. Both the DABEX aircraft measurements (only available at the
of them show the highest AOD over southern North Africa Banizoumbou site) during the simulation period. From the
resulting from the combination of mineral dust transported AERONET measurements, the Djougou and llorin sites over
from the north and the biomass burning aerosols. The dothe biomass burning area have the highest period averaged
main averaged AOD observed by the two satellites is sim-AOD of 0.72 and 0.94 respectively with the peaks up to
ilar: 0.32 from MISR versus 0.31 from MODIS. Among 1.7, compared to 0.41 and 0.36 at the Banizoumbou and
the WRF-Chem simulations in different cases, Modall-G,IER Cinzana sites over the Sahel region respectively, 0.35
Modal2-G, Sectl-G and Sectl-D simulate similar resultsat the Dakar site at the coast, and 0.20 at the Capo Verde site
with domain averaged AOD of 0.37, 0.37, 0.36, and 0.36on a near-coast island. Satellite retrievals generally corre-
respectively because of the tuning of dust emissions, 104ate well with the AEROENT measurements, although they
15% higher than satellite retrievals. The spatial distribu-have lower values than the AERONET measurements partic-
tions of AOD from the four simulations are consistent with ularly at the Djougou and llorin sites. Very few retrievals
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Fig. 7. Averaged AOD at 550 nm over North Africa during the simulation period from the retrievals of MISR on Terra and MODIS on Aqua
and the corresponding simulations of WRF-Chem in different cases. The MODIS retrievals are the combination of the standard (over ocean)
and “Deep Blue” (over land) products. Model results are sampled at the time and locations of the MISR and MODIS retrievals respectively.
The blank area in plots means no data available.

are available from MISR due to its narrower swath width. were tuned through comparing the Sect1-G and Sect1-D sim-
At Banizoumbou, the DABEX aircraft measured AOD are ulated results and AERONENT retrievals at these two sites.
consistent with the AERONET measurements with a periodModall-G simulates 11% higher AOD of 0.44 and 0.41 than
average of 0.44. Sectl-G at these two sites due to its simulation of more
At Banizoumbou and IER Cinzana, Sectl-G and Sect1-dust particles in smaller sizes. Modal2-G simulates similar
D simulate similar results and generally reproduce theAOD as Modall-G because of the tuning of dust emissions.
AERONET measurements with period averaged AOD ofAll four cases successfully capture two observed dust storm
0.40 and 0.42 at Banizoumbou and 0.37 and 0.36 at IER Cinepisodes (18-22 and 26-31 January). The simulation with-
zana respectively (the model average is calculated only fronfut dust emissions significantly underestimates the AOD at
time samples when AERONET measurements are availabldoth sites. At Djougou and llorin, all four cases simulate pe-
the same hereafter), because the dust emission€ (tatue)  riod averaged AOD of 0.47-0.50 at Djougou and 0.65-0.69
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Fig. 8. Hourly AOD at 550 nm from the AERONET measurements, MISR and MODIS retrievals, DABEX aircraft measurements (Bani-
zoumbou only) and the corresponding WRF-Chem simulations in different cases during the simulation period at the six AERONET sites
over North Africa.

at llorin respectively, which are higher than satellite retrievalsthe highest averaged AOD at the two sites among these four
but lower than AERONET measurements. All the four casescases because the DUSTRAN dust scheme simulates more
capture the lower values of the AERONET measured AODdust emissions near the west coast of North Africa. The
(<1.0) at the two sites, but significantly underestimate thesimulation without dust emissions does not show the dust
higher values (e.g., up to 1.5 at Djougou and up to 1.7 atoutflow events. The model overestimation of the dust out-
llorin around 16 January). These occasional high AOD meaflow may result from the bias of WRF in simulating the wind
sured at these two sites are likely due to local biomass burnfields during these periods, when WRF simulates stronger
ing, which is difficult to be simulated by the model using low-level (925 hPa) westerly wind speed than that from the
the GFEDv2 biomass burning emission inventory with 8-day NCEP reanalysis data over the band of W520° N (figure
temporal resolution. At Dakar and Capo Verde, the MODIS not shown). The comparison of the period averaged AOD
retrievals are generally consistent with the AEROENT mea-among various measurements and model simulations is sum-
surements, although there are very few measurements avaimarized in Table 2. MISR is not shown due to its poor
able from AERONET at these two sites. The four cases simtemporal coverage. The model averaged AOD is sampled at
ulate period averaged AOD of 0.34-0.40 at Dakar and 0.35-the time of the AERONET measurements, while the MODIS
0.41 at Capo Verde respectively, and successfully capture thAOD is an average of all the data because MODIS does not
AERONET and satellite observed outflow events during 14—always have data available at the time of the AERONET mea-
16 and 22-26 January and 31 January—3 February, but gesurements.

erally overestimate the magnitude of the outflows, particu-

larly for the first event at Capo Verde. Sectl-D simulates
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Table 2. AOD at 550 nm from various measurements and WRF-Chem simulations.

AERONET MODIS Modall-G Modal2-G Sectl-G  Sectl-D  w/o Dust

Banizoumbou 0.41 0.35 0.44 0.43 0.40 0.42 0.12
IER Cinzana 0.36 0.26 0.41 0.40 0.37 0.36 0.12
Djougou 0.72 0.47 0.50 0.49 0.47 0.49 0.22
llorin 0.94 0.40 0.65 0.66 0.65 0.68 0.37

Dakar 0.35 0.27 0.38 0.38 0.34 0.39 0.13
Capo verde 0.20 0.20 0.37 0.37 0.35 0.40 0.15

“w/o Dust” represents the WRF-Chem simulation without dust emissions.

5.2 Impact on aerosol extinction profile s

: :
@ —— DABEX total
— . — DABEX dust
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T
—— DABEX
—— AWF e
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The vertical profiles of WRF-Chem simulated dust are evalu- ¢
ated through the comparison of the aerosol extinction coeffi- _
cients from measurements and model simulations. Figure 9a£ *f
shows the mean aerosol extinction (at 550 nm) profiles (from
surface to 5 km) from the DABEX aircraft and AMF lidar re-
trievals and the corresponding WRF-Chem simulations dur-
ing the DABEX period. The aerosol extinction from mineral
dust and biomass burning aerosol components is also shown , ‘ ‘ . ‘ ‘ ‘ ‘
in Fig. 9b for both the DABEX measurements and model ** *® Extinction Coofficlent at SSomm pkm™]
simulations. The DABEX profile shown here is the aver-

age of twenty profiles measured during eleven days withinrig. 9. (a)Aerosol extinction (at 550 nm) profiles from the DABEX

a mean distance of less than 100 km from the Niamey air-aircraft measurements, AMF lidar retrievals, and the WRF-Chem
port. The model average is sampled at the time and locatiosimulations in different cases for the DABEX period in the vicin-
of the DABEX aircraft measurements, while the AMF pro- ity of Niamey. The gray area represents the standard deviation of
file is the average of all available profiles retrieved at 08:00-the DABEX measurementgh) aerosol extinction profiles from the
11:30UTC in 19 days from 13 January to 3 February follow- QABEX meas.urements and Sect1-G simulations and their dust and
ing Johnson et al. (2008a). The DABEX and AMF retrievals Piomass buring (BB) aerosol components.

show generally consistent profiles with peak aerosol extinc-

tion at~0.20 within 1 km from the surface. The aerosol ex- above 2 km. The Sectl-D simulated result is similar to Sect1-

tinction coefficient decreases with altitude. The difference ;5 4 hence is not shown. Modall-G simulates 12% larger

bgtwee_n aircraft and AMF mea?“re'.“e”ts may b? dueta SaMLerosol extinction coefficient than Sect1-G and the difference
pling difference. A more detailed inter-comparison of the mainly occurs below 2 km. Modal2-G simulates similar re-
DABEX aircraft and AMF retrieved extinction profiles was ¢ < =< Modal1-G (not shown)

presented in Johnson et al. (2008a).
Sectl-G with dust emissions successfully reproduces thg 3 |mpact on SW radiative heating profile
vertical profiles of the measurements below 2 km with a sim-
ilar peak value of aerosol extinction coefficienta®.20 be-  Mineral dust not only scatters but also absorbs solar radia-
low 1 km. Above 2 km, Sectl-G underestimates the aerosotion, and thus can affect the SW heating profiles. The WRF-
extinction coefficients. When partitioning the aerosol extinc- Chem model is also used to calculate the SW dust heating
tion profile between the dust and biomass burning aerosotate in this study. The real part of the refractive index of
components, we find this underestimation results from themineral dust £;) is relatively well defined and set to 1.53
underestimation of biomass burning aerosols (Fig. 9b). Then this study. However, estimates of the imaginary pay} (
Sect1-G simulated dust component of aerosol extinction isstill have large variations with a range from 0.0004i to 0.006i
consistent with the aircraft measurement, but its biomasst wavelengths around 550 nm suggested by previous studies
burning aerosol componentis50% lower than the measure- (e.g., Patterson et al., 1977; Dubovik et al., 2002; Haywood
ments above 1 km. Mineral dust is the main component con<et al., 2003; Kandler et al., 2007; Osborne et al., 2008; Pet-
tributing to the aerosol extinction from the surface to 2 km. zold et al., 2009; Otto et al., 2009). A value of 0.003i in the
A sensitivity simulation with doubling of biomass burning middle of the range is used in the standard simulations dis-
emissions (Sectl-G BBx2 case in Fig. 9a) shows a bettecussed above. Figure 10 shows the hourly column-mean SSA
result, almost reproducing the measured extinction profileat 600 nm from the AERONET retrievals at Banizoumbou,

tude
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AMF retrievals at the Niamey airport, and the corresponding 1.4
WRF-Chem simulations at Banizoumbou during the simu- E O Oaw
lation period. The model simulated column-mean SSA is 1ot
weighted by the AOD at each model layer. The AERONET _
retrievals of an average of 0.86 are lower than the AMF re- g 02t
trievals of 0.92, particularly during 6—10 January. Osborne et g
al. (2008) found that the AERONET retrieved SSA at quality ~ °°F
level 2 is systematically lower than that at quality level 1 for orb ( ‘ . . ‘ .
unknown reason, and is also lower than the average aircraft Jan08  Jan12  Jan16  Jan20  Jan24  Jan28  FebO1l
measurements of 0.91 over the vicinity of Niamey. Focel Time lday]

The Sectl-G simulated SSA values are between th

T
Sect1-G

Sect1-G BBx2
Modal1-G

) . . EtFig. 10. Hourly SSA at 600 nm during the simulation period from
AEROENT and AMF retrievals with a period average of the AERONET and AMF retrievals and the WRF-Chem simulations

0.90. Since the:; of mineral dust is very uncertain, the i, ifterent cases in the vicinity of Niamey. The gray area represents
variation of Sectl-G simulated SSA due to the uncertaintyihe variation of Sect1-G simulated SSA due to the uncertainty of

of nj (0.0004i-0.006i) is shown as the gray area in Fig. 10.(imaginary part of refractive index) of mineral dust.
The upper and lower bounds of the gray area are calculated
with thenj equal to 0.0004i and 0.006i in the Sectl-G sim-
ulations respectively. It shows that the averaged SSA carshown. Sectl-G simulates the SW dust heating with a max-
range from 0.86 to 0.94. The result from the Sectl-G senimum rate of~0.8K/day at 0.5km at the Niamey airport
sitivity simulation with doubling of biomass burning emis- and a decreasing trend with altitude. On domain average,
sions s also shown. The calculated column-mean SSA (0.8%ust heats the lower atmosphere with an average rate of
from the sensitivity simulation is smaller than the standard~0.5 K/day. The variation of the Sect1-G simulated SW dust
Sectl-G simulation. Sectl-D simulates a similar result asheating rate due to the uncertainty /qf of dust (0.0004i—
Sectl-G (not shown). Modall-G simulates a higher aver-0.006i) is shown as the grey area. The change ofn sig-
age value of 0.91 as compared to Sect1-G. Although the dustificantly modulate the SW dust heating below 4 km with
size distribution in Modal2-G shifts to smaller size as com-a maximum variation of-0.5 K/day below 1km. Modall-
pared to Modall-G, Modal2-G simulates similar SSA val- G simulates lower (up to 13% below 1km) SW dust heat-
ues as Modall-G (not shown). The difference of SSA be-ing rates than Sectl-G throughout the profile, reflecting its
tween Modall-G and Sect1-G results from their difference insmaller dust particles that are less absorbing. The simulated
both size distribution and refractive index of aerosols. MoreSW aerosol heating profiles generally follow the SW dust
smaller dust particles in Modall-G changes not only the sizeheating profiles but with higher rates because they include
distribution of aerosols but also the ratio of mass concentrabiomass burning aerosols that heat the atmosphere with a rate
tions between dust and other aerosols (especially for BC) andp to 0.15 K/day below 1 km and 0.4 K/day above. The dif-
hence the refractive index of aerosols which is calculated byference of simulated SW aerosol heating profiles between the
volume averaging for aerosol species in WRF-Chem. In geniwo cases mainly results from their difference in simulating
eral, aerosols with smaller size are less absorbing. HoweveSW dust heating profiles.
the difference of aerosol size distributions between Modall- Figure 11b shows the mean SW aerosol heating profiles
G and Modal2-G is not significant enough to affect the SSAfrom the WRF-Chem simulations in the Sect1-G case and the
calculation. In order to investigate the SSA dependencecalculation based on the AMF retrievals at the Niamey air-
solely on dust size distributions, we also conducted sensiport. The AMF profile is the average of all available profiles
tivity simulations in which the AOD and refractive index of calculated at 08:00-12:00 UTC in 19 days from 13 January to
internal mixed aerosols are set to be the same in Modal1-G3 February to be consistent with its extinction profile shown
Modal2-G, and Sectl-G cases. The same results are founid Fig. 9a. The model average is calculated only from time
(i.e., SSA in Modall-G is similar to that in Modal2-G but samples when the AMF calculations are available. The AMF
higher than that in Sect1-G). It's also noteworthy that both of profile shows two SW aerosol heating peaks of 1.5 K/day and
the retrievals from AERONET and AMF show large varia- 1.0 K/day at 0.5 and 3 km respectively. Below 2 km, Sect1-G
tions of SSA with time, while the model simulates less tem- simulates a similar shape of the heating profile with a SW
poral variations of SSA. This may result from the missing aerosol heating peak of 1.0K/day at 0.5km. However, the
local biomass burning sources in the model. Sectl-G standard simulation underestimates the AMF calcu-
Figure 11a shows the mean SW aerosol and dust heatated SW aerosol heating rate below 1 km and above 2 km.
ing profiles at 08:00-12:00 UTC from the WRF-Chem sim- The model underestimation below 1 km partly results from
ulations in Sectl-G and Modall-G cases from the surfacéts lower aerosol extinction coefficient (Fig. 9a). The AMF
to 5km at the Niamey airport during the DABEX period. retrievals also have a larger bias below 1 km (McFarlane et
The Sectl-D and Modal2-G simulated results are similaral., 2009). Above 2 km, the dust component of aerosol ex-
to Sectl-G and Modall-G respectively and hence are notinction (Fig. 9a) and the possible range of SW dust heating
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Fig. 11. (a)SW aerosol (solid line) and dust (dot dash line) heat- : 2
ing profiles from the WRF-Chem simulations in different cases at sSw forcmg from dust [W/m ]
08:00-12:00 UTC for the DABEX period at the Niamey airport.
The gray area represents the variation of Sect1-G simulated SW dusiig. 12. Clear-sky surface SW dust radiative forcing at 12:00 UTC
heating rate due to the uncertainty:gf(imaginary part of refrac-  over North Africa for the simulation period estimated from the
tive index) of mineral dust(b) SW aerosol heating profiles from WRF-Chem simulations in the Sectl-G case. The SW dust radia-
the calculations based on the AMF retrievals and the WRF-Chentive forcing is estimated by subtracting the result from the simula-
simulations in different cases at 08:00-12:00 UTC for the DABEX tion without dust emissions from that from the simulation with dust
period at the Niamey airport. emissions.

rate due to the uncertainty ef of dust (Fig. 11a) indicate burning emissions simulates a surface SW radiative forc-
that this underestimation is likely due to the biomass burninging of —75 W m2 from total aerosols, well consistent with
rather than dust aerosol component. Result from the sensitivthe value of—78 W m2 retrieved by the AMF during the

ity simulation of Sect1-G with doubling of biomass burning same period. Sectl-D simulates similar results as Sectl-G,
emissions shows that increasing biomass burning aerosols rgvhile Modal1-G simulates 15% higher surface SW radiative
sults in up to 65% increase of the SW aerosol heating ratesorcing (—39 W m2) from dust over the Sahel region, al-
above 2 km and thus better comparison with the AMF calcu-though it simulates similar spatial distribution of the forcing
lations. It may reflect the uncertainty of the GFEDvV2 inven- gs Sect1-G. Modal2-G simulates similar surface SW radia-
tory in estimating the total amount and spatial distribution of tive forcing from dust as Modall-G.

biomass burning aerosols over North Africa and the bias of

biomass burning aerosol injection heights used in the model.

Further investigation of these issues is interesting but beyond _
the scope of this work. 6 Conclusions

5.4 Impact on downwelling SW radiation In this study, two dust emission schemes (GOCART
and DUSTRAN) are coupled with two aerosol models
The scattering and absorbing effect of mineral dust on SW(MADE/SORGAM and MOSAIC) within the framework of
radiation can significantly reduce the downwelling SW ra- the WRF-Chem model to investigate the modeling sensitiv-
diation at the surface. Figure 12 shows the spatial distri-ities to dust emissions and aerosol size treatments in simu-
bution of the clear-sky surface SW radiative forcing of dust lating mineral dust and its SW radiative forcing over North
at 12:00 UTC calculated from the Sect1-G simulations with Africa. Two choices for the size distributions of emitted dust
and without dust emissions for the simulation period overare also trailed in the MADE/SORGAM aerosol model with
North Africa. Sectl-G simulates significant surface SW ra-the GOCART scheme. The performance of the WRF-Chem
diative forcing of dust with a domain averaged value of model in simulating mineral dust and its SW radiative prop-
—22Wm 2 and a maximum of-58 Wm~2 over northern erties is evaluated over North Africa in this study for the first
Niamey and Chad at 12:00 UTC, consistent with the patterngime. When compared to ground-based, aircraft, and satel-
of the simulated dust concentrations and AOD. Over the Salite retrievals of AOD, aerosol extinction profiles, SSA, and
hel region (the Niamey airport), Sectl-G simulates an averSW aerosol heating rates, we find WRF-Chem with proper
age surface SW radiative forcing ef34 Wm 2 from dust  size-resolved dust emissions and aerosol size treatments well
and—56 W mi~2 from total aerosols at 12:00 UTC. The sen- captures the features of measured dust SW radiative prop-
sitivity simulation of Sect1-G with doubling of total biomass erties over North Africa, although the modeling results are
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sensitive to the differences in size distributions of emittedreduces the downwelling SW radiation at the surface by up
dust and the underlying aerosol size treatments. to 58Wn12 at 12:00 UTC over the Sahel region. On do-
Both dust emission schemes produce the same total dushain average, mineral dust heats the lower atmosphere with
emissions, after proper tuning of th@ parameter, during an average rate of 0-50.2 K day ! and reduces the down-
the simulation period (from 6 January to 5 February 2006)welling SW radiation at the surface by 22 W The min-
over North Africa. Because of the tuning of tiieparam-  eral dust warms the atmosphere but cools the land surface,
eter to make the model simulated AOD consistent with thewhich could significantly modulate the stability of the atmo-
measurements, the total amount of dust emissions is senssphere over North Africa (Tulet et al., 2008).
tive to the size distributions of emitted dust, which results in  Overall, the analysis of the WRF-Chem simulated results
that the total emitted dust amount for the simulation periodwith available measurements highlights the importance of in-
changes from 200 Tg for the case with more larger dust pareluding the radiative impact of mineral dust to study regional
ticles to 124 Tg for the case with more smaller dust particles.climate over North Africa. Even if some previous papers us-
The two schemes also simulate similar temporal evolution ofing both regional and global models have been published on
dust emissions, although they were developed with differenthis subject, our study presents not only modeling of radia-
formulas. The spatial distributions of dust emissions fromtive forcing of mineral dust over North Africa but also its
the two schemes are generally consistent but the DUSTRANsensitivities to size-resolved dust emissions and aerosol size
scheme simulates more dust emissions over the west coast tbeatments to elucidate modeling uncertainties. Compared to
North Africa, resulting in higher dust concentrations in the other models in previous studies (e.g., MetUM model in Mil-
outflows over North Atlantic. The simulated dust concentra-ton et al., 2008; MesoNH model in Tulet et al., 2008; Oslo
tion is also sensitive to the size distributions of emitted dust.CTM2 model in Myhre et al., 2008; RegCM3 model in San-
In order to simulate similar AOD, the model with more dust tese et al. 2010), WRF-Chem captures not only the spatial
particles emitted into the submicron regime (radiigtm)  variability but also the size distribution and vertical profile of
requires 40% less of emitted total dust mass and hence simuwineral dust over North Africa. The promising performance
lates 14% lower near-surface { km) dust concentrations on of WRF-Chem in simulating mineral dust and its radiative
domain average. However, it's noteworthy that the change oproperties provides confidence to use the model for regional
the size distribution of emitted dust in this study does notclimate application over North Africa. Although the indirect
significantly change the spatial distribution of the dust SW effect of mineral dust is not investigated (not important in
radiative forcing and also the optical properties of dust (e.g.the dry season) and the longwave direct radiative effect is not
SSA). yet implemented in the model, we plan to conduct long-term
The numerical representation of the aerosol size distri-multi-year simulations using WRF-Chem in the near future
bution has a larger influence on the evolution of the dustthat include longwave radiative effect and indirect effect of
size distribution. In simulations using the same emissionmineral dust to fully understand the regional climate impact
scheme and initial (emitted) dust size distribution, the modalof mineral dust over North Africa for both dry and wet sea-
approach of MADE/SORGAM aerosol model retains 25% sons.
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