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Abstract

A fully coupled meteorology-chemistry-aerosol model (WRF-Chem) is applied to
simulate mineral dust and its shortwave (SW) radiative forcing over North Africa.
Two dust emission schemes (GOCART and DUSTRAN) and two aerosol models
(MADE/SORGAM and MOSAIC) are adopted in simulations to investigate the mod-
eling sensitivities to dust emissions and aerosol size treatments. The modeled size
distribution and spatial variability of mineral dust and its radiative properties are eval-
uated using measurements (ground-based, aircraft, and satellites) during the AMMA
SOPO campaign from 6 January to 3 February of 2006 (the SOPO period) over North
Africa. Two dust emission schemes generally simulate similar spatial distributions and
temporal evolutions of dust emissions. Simulations using the GOCART scheme with
different initial (emitted) dust size distributions show that the difference of initial dust
size distributions can result in significant difference (up to ~50%) in simulating SW dust
heating and SW dust radiative forcing at the surface over the Sahel region. The modal
approach of MADE/SORGAM retains 25% more fine dust particles (radius <1.25 um)
but 8% less coarse dust particles (radius >1.25pum) than the sectional approach of
MOSAIC in simulations using the same size-resolved dust emissions. Consequently,
MADE/SORGAM simulates 11% higher AOD, up to 13% lower SW dust heating rate,
and 15% larger (more negative) SW dust radiative forcing at the surface than MO-
SAIC over the Sahel region. In the daytime of the SOPO period, the model simulations
show that mineral dust heats the lower atmosphere (1-3 km) with a maximum rate of
0.8+£0.5 Kday'1 below 1 km and reduces the downwelling SW radiation at the surface
by up to 58Wm™2 over the Sahel region. This highlights the importance of includ-
ing dust radiative impact in understanding the regional climate of North Africa. When
compared to the available measurements, the WRF-Chem simulations can generally
capture the measured features of mineral dust and its radiative properties over North
Africa, suggesting that the model is suitable for more extensive simulations of dust
impact on regional climate over North Africa.
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1 Introduction

Mineral dust, one of the most abundant aerosol species in the atmosphere in terms
of mass, has important climatic effect through its influence on solar and terrestrial ra-
diation and the radiative and physical properties of clouds (e.g., Sokolik et al., 1998;
Ginoux et al., 2001; Ramanathan et al., 2001; Lau et al., 2009). The Sahara desert
over North Africa is the largest source of mineral dust in the world; mineral dust can
modify the hydrological cycle over North Africa and modulate the tropical North Atlantic
temperature (e.g., Miller et al., 2004; Evan et al., 2009; Lau et al., 2009). Since finer
dust particles can be lifted to high altitudes, where they are transported over long dis-
tances (often thousands of kilometers) from the source regions, Sahelian dust can also
play an important role in modifying climate on the global scale, when transported north-
ward across the Mediterranean region up to central and northern Europe, or westward
across the Atlantic Ocean occasionally to the eastern coast of the United States (e.g.,
Moulin et al., 1997; Miller et al., 2004; Chin et al., 2007; Flaounas et al., 2009).

Despite the climatic importance of mineral dust on both regional and global scales,
modeling of size-resolved spatial distribution of mineral dust and its radiative forcing re-
mains uncertain and challenging, as highlighted by IPCC (2007). The large uncertainty
in simulating mineral dust and its radiative forcing mainly resides in the estimation of the
size-resolved dust emissions in the source regions, the treatment of aerosols in mod-
els (e.g., representation of aerosol size distributions), and the determination of optical
properties of mineral dust (e.g., Ginoux et al., 2001; Zender et al., 2003; Kalashnikova
et al., 2004; Darmenova et al., 2009; McConnell et al., 2010). This study mainly fo-
cuses on the first two sources of uncertainty in modeling mineral dust and its radiative
forcing.

Dust emission fluxes are widely modeled through parameterizations of suspension,
saltation and creeping processes associated with wind erosion. The initial size distri-
bution of emitted dust is either based on soil texture data that are not always available
and have large uncertainty due to spatial heterogeneity, or on measurements of the
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background dust in the atmosphere, which may not be representative of the dust in its
emission fluxes because the lifetime of dust particles is size dependent (e.g., d’Almeida
and Schutz, 1983; Tegen et al., 1997; Ginoux et al., 2001; Shaw et al., 2008). The size
distributions of dust particles in the atmosphere are mainly represented using modal or
sectional approaches in aerosol models.

In order to constrain model simulations of mineral dust and its radiative forcing, ex-
tensive measurements in dust source regions are needed. One such dataset is from
the Dust and Biomass burning Experiment (DABEX), which occurred from 13 January
to 3 February 2006 in the vicinity of Niamey in North Africa (Haywood et al., 2008).
Aircraft measurements from DABEX, complemented by ground-based remote sens-
ing measurements at the Aerosol Robotic Network (AERONET) sun-photometer sites
(Dubovik and King, 2000) and the U.S. Department of Energy’s Atmospheric Radiation
Measurements (ARM) Program Mobile Facility (AMF) (located at the Niamey airport)
(Miller and Slingo, 2007), have been used by previous studies to investigate the forma-
tion, transport, and temporal and spatial distribution of mineral dust and its radiative
forcing during various dust outbreak cases over North Africa (e.g., Greed et al., 2008;
Milton et al., 2008; Myhre et al., 2008; Tulet et al., 2008).

The Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) has
been used for regional air quality and climate studies (e.g., Fast et al., 2006 and 2009;
Leung et al., 2006; Wang and Liu, 2009; Qian et al., 2009; Zhang et al., 2009). WRF-
Chem is a version of WRF that also simulates trace gases and particulates simultane-
ously with the meteorological fields (Grell et al., 2005). Since the dust radiative effect
on climate is likely to be especially important on the regional scale (e.g., Nickovic et al.,
2001; Gong et al., 2003; Zakey et al., 2006), we use two dust emission schemes that
were recently implemented in WRF-Chem to investigate the regional radiative forcing
of mineral dust and its sensitivities to size-resolved dust emissions. One scheme was
developed by Ginoux et al. (2001) for the Goddard Global Ozone Chemistry Aerosol
Radiation and Transport (GOCART) model (referred to as GOCART hereafter), which
has been widely used in regional and global models. The other was developed by Shaw
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et al. (2008) for the DUST TRANsport model (DUSTRAN; Allwine et al., 2006) (referred
to as DUSTRAN hereafter). In addition, both schemes are coupled with two aerosol
models, MADE/SORGAM (modal approach) and MOSAIC (sectional approach), to in-
vestigate modeling sensitivities to the representation of aerosol size distributions within
the framework of WRF-Chem.

As the first step in our studying the regional climatic effect of mineral dust, the objec-
tive of this study is two-fold: (1) to evaluate the performance of WRF-Chem in simulat-
ing mineral dust and its radiative forcing over North Africa, and (2) to quantify modeling
sensitivities to the representations of dust emissions and aerosol size distributions.
The paper is organized as follows. Sections 2 and 3 detail the observations and the
WRF-Chem model used in this study. The size-resolved spatial distribution of mineral
dust and its modeling sensitivities to dust emissions and aerosol size treatments are
analyzed in Sect. 4. The shortwave (SW) radiative forcing of mineral dust and its mod-
eling sensitivities to model parameterizations are investigated in Sect. 5. The paper
concludes in Sect. 6.

2 Measurements
2.1 DABEX aircraft in-situ measurements

The Dust and Biomass-burning Experiment (DABEX) is a major field campaign in-
vestigating the properties of mineral dust and biomass burning aerosols over North
Africa in the vicinity of Niamey, Niger from 13 January to 3 February in 2006 (referred
to as the DABEX period hereafter). The Facility for Airborne Atmospheric Measure-
ments (FAAM) aircraft measurements contribute to the African Monsoon Multidisci-
plinary Analysis (AMMA) dry season Special Observing Period (SOP-0) (Haywood et
al., 2008). In this study, the DABEX measured size distributions of mineral dust, aerosol
optical depth, and aerosol extinction profiles are used for model evaluation. During
the DABEX, the size distributions of particles between 0.05 and 1.5 um in radius were
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measured by the Passive Cavity Aerosol Spectrometer Probe 100-X (PCASP) mounted
externally under the aircraft wing. Particles larger than 1.5 um were measured using
PCASP-X mounted inside the aircraft cabin that used a counter flow virtual impactor
(CVI) inlet operating in a passive aerosol mode (Johnson et al., 2000; Osborne et al.,
2008). The aerosol extinction profiles were derived from a nephelometer and a Par-
ticle Soot Absorption Photometer on the FAAM aircraft (Johnson et al., 2008a). The
Angstrom exponent is used to partition the aerosol extinction profiles between mineral
dust and biomass burning aerosols. The overall uncertainty of the extinction coefficient
was estimated to be around +10% for biomass burning aerosols and +£25% for mineral
dust (Johnson et al., 2008a). A detailed description of the instruments and analysis
of the physical and optical properties of mineral dust and aerosol extinction profiles
during the DABEX can be found in Haywood et al. (2008), Johnson et al. (2008a, b),
and Osborne et al. (2008).

2.2 AERONET surface observation network

The Aerosol Robotic Network (AERONET) (Holben et al., 1998) with ~100 identical
globally distributed sun- and sky-scanning ground-based automated radiometers pro-
vides measurements of aerosol optical properties throughout the world (Dubovik and
King, 2000; Dubovik et al., 2002). In this study, the AERONET measured aerosol op-
tical depth (AOD) and single scattering albedo (SSA) at 675nm and 440 nm from six
sites over North Africa are used to derive the AOD at 550 nm (using the Angstrom
exponent) and SSA at 600 nm (using linear interpolation) for comparison with model
results and other retrievals. These six sites are Banizoumbou (13°N, 2°E) and |IER
Cinzana (13° N, 5° W) over the Sahel region, Djougou (9° N, 1° E) and llorin (8°N, 4° E)
over the southern biomass burning region, Dakar (14° N, 16° W) at the coast, and Capo
Verde (16° N, 22° W) on a near-coast island. Each site is shown in Fig. 1 as a triangle.
All of the retrievals of AOD and SSA selected in this study are quality level 2, and the
uncertainty of AOD measurements is about £0.01 (Holben et al., 2001).
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2.3 ARM MPL Lidar

The US Department of Energy’s Atmospheric Radiation Measurements (ARM) Pro-
gram Mobile Facility (AMF) was fully equipped with comprehensive instrumentation
and was located at the Niamey airport, which is ~60 km northwest from the AEROENT
Banizoumbou site, from January through December in 2006 (Miller and Slingo, 2007).
The aerosol extinction and broadband SW heating profiles and column-averaged SSA
derived from the AMF are used in this study. Aerosol extinction profiles at 523 nm are
calculated using a micropulse lidar (MPL) and the column AOD is retrieved from the
MultiFilter Rotating Shadowband Radiometer (MFRSR). The total uncertainty in the
derived extinction profiles is estimated to be 0.093 km~" in the dust layers and slightly
less in the biomass burning layers (McFarlane et al., 2009). The column-averaged
SSA and asymmetry parameter at five wavelengths were retrieved from MFRSR ob-
servations using the retrieval technique described by Kassianov et al. (2007). Using
the derived extinction profiles and aerosol optical properties, along with observations
of temperature and water vapor from the AMF measurements, broadband SW heating
profiles were calculated at 15-min intervals using a 1-D radiative transfer model. The
details of the retrievals of the aerosol extinction and column-averaged SSA and the
calculations of the SW heating profiles can be found in McFarlane et al. (2009).

2.4 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) instruments on board
the NASA Terra and Aqua platforms are uniquely designed with wide spectral range,
high spatial resolution, and near daily global coverage to observe and monitor the Earth
changes including tropospheric aerosols (Kaufman et al., 1997). The standard MODIS
aerosol product does not retrieve aerosol information over bright surfaces (e.g., Saha-
ran desert) due to a strong surface spectral contribution in the visible range (Kaufman et
al., 1997). However, recently, a new algorithm, called “Deep Blue algorithm” (Hsu et al.,
2006), has been integrated with existing MODIS algorithm to retrieve AOD even over
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(Collection 5) (only available over land and from the MODIS on Aqua so far) (Levy et
al., 2007; Remer et al., 2005) is used over the land, while the standard retrieved AOD
is used over the ocean.

25 MISR

The Multi-angle Imaging SpectroRadiometer (MISR) instrument on board the NASA
Terra platform has been producing AOD globally since February 2000. MISR observes
continuously at nine distinct zenith angles, ranging from 70° afterward to 70° forward,
and in four narrow spectral bands centered at 446, 558, 672, and 866 nm. MISR’s
unique blend of directional and spectral data allows aerosol retrieval algorithms to be
used not depending on explicit radiometric surface properties. As such, MISR can
retrieve aerosol properties even over the highly reflective surfaces like deserts (Diner
et al, 1998; Martonchik et al., 2004).

3 Model description
3.1 WRF-Chem

WRF-Chem, a version of WRF (Skamarock et al., 2005), simulates trace gases and
particulates simultaneously with the meteorological fields (Grell et al., 2005). The
WRF-Chem model is initially configured with the RADM2 (Regional Acid Deposition
Model 2) photochemical mechanism (Stockwell et al., 1990) and the MADE/SORGAM
(Modal Aerosol Dynamics Model for Europe (MADE) and Secondary Organic Aerosol
Model (SORGAM)) aerosol model (Ackermann et al.,, 1998; Schell et al., 2001).
The CBM-Z (Carbon Bond Mechanism) photochemical mechanism (Zaveri and Pe-
ters, 1999) and MOSAIC (Model for Simulating Aerosol Interactions and Chemistry)
aerosol model (Zaveri et al., 2008) were implemented by Fast et al. (2006) into
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WRF-Chem, which also includes more complex treatments of aerosol radiative prop-
erties and photolysis rates. MADE/SORGAM in WRF-Chem uses the modal ap-
proach with three modes (Aitken, Accumulation, and Coarse modes) to represent the
aerosol size distribution, while MOSAIC uses a sectional approach where the aerosol
size distribution is divided into discrete size bins. Eight size bins (0.039-0.078 um,
0.078-0.156 um, 0.156—0.312 pm, 0.312—-0.625 pm, 0.625-1.25 um, 1.25-2.5 ym, 2.5—
5.0 um, 5.0-10.0 um dry diameter) are employed in this study as in Fast et al. (2006,
2009). Each size bin is assumed to be internally mixed so that all particles within
a size bin are assumed to have the same chemical composition. In both of the
MADE/SORGAM and MOSAIC aerosol models, aerosols are mainly composed of sul-
fate, nitrate, ammonium, organic matters (OM), black carbon (BC), water, sea salt and
mineral dust. The version 3.1.1 of WRF-Chem is used in this study, but it is updated
with the capability of using the same dry deposition treatment for the MADE/SORGAM
and MOSAIC aerosol models, which will be available in the next released version of
WRF-Chem.

In this study, WRF-Chem is configured to cover North Africa with 200x150 grid
points, a 36 km horizontal resolution centering at Niamey (Niger) (2.0°E, 13.6°N),
and 35 vertical layers to 10 hPa. Meteorological fields are assimilated with the lateral
boundary and initial conditions from NCAR/NCEP Gilobal reanalysis data. Chemical
lateral boundary conditions are from the default profiles in WRF-Chem, which are the
same as those in the work by McKeen et al. (2002) and are based on averages of mid-
latitude aircraft profiles from several field studies over the eastern Pacific Ocean. The
simulation is conducted with continuous run for chemistry-aerosol part but reinitializing
meteorological conditions every 5 days with NCAR/NCEP reanalysis data, starting from
1 January 2006 to 5 February 2006. Only the simulated results from 6 January 2006 to
5 February 2006 (referred to as the simulation period hereafter) are used in the analysis
to minimize the impact from the chemical initial conditions. Only the simulated results at
the 170x 120 interior points of the horizontal domain are used for analysis to minimize
the potential spurious anomalies from the lateral boundary conditions. Anthropogenic
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emissions are obtained from the Reanalysis of the TROpospheric (RETRO) chemical
composition inventories (http://retro.enes.org/index.shtml). Biomass burning emissions
are obtained from the Global Fire Emissions Database, Version 2 (GFEDv2.1) with 8-
day temporal resolution (Randerson et al., 2005) and vertically distributed following
injection heights suggested by Dentener et al. (2006) for the Aerosol InterComparison
project (AeroCom), because of insufficient information available to perform plume rise
calculations over North Africa. In this study, the Goddard shortwave radiation scheme
and Lin’s microphysics scheme are used to represent the aerosol direct and indirect ef-
fects (1st and 2nd) as described in Gustafson et al. (2007), respectively. Since aerosol
direct effect on longwave radiation has not yet been implemented in WRF-Chem during
this study and the simulated cloud optical depth (figure not shown) is very low (<1) over
the most regions of continent during the simulation period, this study focuses on the
analysis of the SW radiative forcing of mineral dust.

3.2 Dust emission

Two dust emission schemes, GOCART and DUSTRAN, are coupled with both the
MADE/SORGAM and MOSAIC aerosol models within the framework of WRF-Chem
to study the modeling sensitivities to dust emission schemes. As described in Ginoux
et al. (2001), the GOCART scheme calculates the dust emission flux G as

G =CSs,u?, (U1 m—Uy)

where C is an empirical proportionality constant, S is a source function which defines
the potential dust source regions and comprises surface factors, such as vegetation
and snow cover, s, is a fraction of each size class of dust in emission, uyq r,, is the
horizontal wind speed at 10 m, u, is the threshold wind velocity below which dust emis-
sion does not occur and is a function of particle size, air density, and surface moisture.
In this study, the source function S, shown in Fig. 1, is prescribed as in Ginoux et
al. (2001) (Fig. 1). As described by Shaw et al. (2008), the DUSTRAN scheme calcu-
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lates the dust emission flux G as

G=aCul(1- %)

u,
where C is an empirical proportionality constant, a is the vegetation mask accounting
for vegetation type effect, v is the friction velocity, u,; is the threshold friction velocity
(20cm s following Shaw et al., 2008) below which dust emission does not occur, and
f, is the soil wetness factor accounting for soil moisture effect. In this study, the vege-
tation masks are determined by the Olson World Ecosystem database (Olson, 1992),
and a is assigned to be 0.5 for semi-desert, 1.0 for desert, and 0 for others follow-
ing Shaw et al. (2008) (Fig. 1). Although the values of the empirical proportionality
constant C were provided by both Ginoux et al. (2001) and Shaw et al. (2008), the
values are highly tunable because they were estimated initially based on regional spe-
cific data. Therefore, in this study, we tune the C values to make the model simulated
mean AOD consistent with the AERONET measurements at the two sites, Banizoum-
bou and IER Cinzana, over the Sahel region. We obtain C values of 0.65 ug s>m~ and
0.33><10'14gcm'6 s~2 for the GOCART and DUSTRAN schemes respectively, com-
pared to the original values of 1.0 ug s2m~ in Ginoux et al. (2001) and 1.0x107 % g
cm™® 572 in Shaw et al. (2008). Only dust particles with radius less than 10 um are
emitted by the GOCART and DUSTRAN schemes in our simulations, because particles
larger than 10 um radius generally have short atmospheric lifetimes due to gravitational
settling (Tegen and Fung, 1994).

Originally, both the GOCART and DUSTRAN schemes model the emitted dust into
several size bins. The GOCART scheme distributes the emitted dust into eight size
bins (0.1-0.18 pm, 0.18-0.3 um, 0.3-0.6 pm, 0.6—1.0 pm, 1-1.8 ym, 1.8—-3 um, 3—6 um,
and 6—10 um in radius), while the DUSTRAN scheme distributes the emitted dust into
two size bins (0.5-1um and 1-10pum in radius). Neither scheme provides directly
the log-normal size distribution parameters of emitted dust (i.e., the volume median
diameter (d,g,) and the standard deviation (o) of the log-normal distribution and the
mass fractions (F,,) among different modes) that are needed for the MADE/SORGAM
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aerosol model. Therefore, in this study, the two schemes are only used to calculate
the total dust mass fluxes and the size distribution of emitted dust is estimated as
discussed in following.

When estimating the size distributions of emitted dust, we estimate the log-normal
size distribution for the MADE/SOGAM aerosol model first, and then integrate the
mass following the log-normal size distribution into the eight size bins in the MOSAIC
aerosol model, to make the size distributions of emitted dust consistent between the
two aerosol models. For the log-normal size distribution, we assume that dust particles
are emitted in accumulation and coarse modes. The o, of the two modes are obtained
from the values (2.2 for accumulation mode and 1.73 for coarse mode) suggested by
Osborne et al. (2008) for the DABEX measured dust over the dust source region and
are constant during the simulation. The first group of d,,, and F, of the two modes are
estimated to best represent the original size distribution (in eight size bins) of emitted
dust from the GOCART scheme. The d,,, and F, for the two modes are adjusted to
minimize root mean square (RMS) of the difference between the two-mode log-normal
size distribution and the GOCART original size distribution (in eight size bins). This way,
we obtained the first modal size distribution (Modal1) with 15% of mass distributed in
the accumulation mode (d,,,=2.91 pm and ¢,=2.20) and 85% of mass distributed in
the coarse mode (d,;,=6.91 pm and o,=1.73) as shown in Fig. 2. We then integrate
the mass following the Modal1 size distribution into the eight size bins in the MOSAIC
aerosol model to obtain the corresponding sectional size distribution (Sect1).

In order to investigate the modeling sensitivities of mineral dust and its radiative
forcing to size distributions of emitted dust, we estimate another group of d,,, and
F,, 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
distribution suggested by Osborne et al. (2008) for the DABEX measured dust over the
dust source region (Fig. 2). In order to best fit the size distribution of measured dust
during the DABEX, Osborne et al. (2008) provides two-mode log-normal distribution

with 13% of mass into the accumulation mode (d,,,=1.26 ym and 0,=2.20) and 87%
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of mass into the coarse mode (d,z,=4.5pm and 0,=1.73). The size distributions of
Modal1, Modal2, and Sect1 are shown as normalized volume size distributions in Fig-
ure 2, where the total volume of emitted dust is normalized to 1. Modal2 distributes
more emitted dust, ~15% of the total mass, into the submicron regime (radius <1 um),
versus ~6% in Modal1. The difference in size distributions of emitted dust will result in
differences of not only the size distribution but also the spatial distribution and hence
the radiative forcing of mineral dust (Sects. 4.2 and 5).

With two dust emission schemes (GOCART and DUSTRAN), two aerosol mod-
els (MADE/SORGAM and MOSAIC), and different size distributions of emitted dust
(Modal1 and Modal2), we conducted four WRF-Chem simulations to investigate the
modeling sensitivities of mineral dust and its radiative forcing to (1) dust emission
schemes (Sect1-G versus Sect1-D); (2) size distributions of emitted dust (Modal1-G
versus Modal2-G); and (3) aerosol size treatments (Sect1-G versus Modal1-G). The
simulations are summarized in Table 1. The C values in dust schemes are tuned based
on the model results from Sect1-G and Sect1-D cases.

4 Modeling the dust distribution
4.1 Dust emissions

Figure 3 shows the mean spatial distributions of dust emissions from the GOCART and
DUSTRAN schemes during the simulation period over North Africa. Both schemes
simulate similar amount (~200 Tg) of total dust emissions over North Africa during the
simulation period after the appropriate parameter (the C value) is adjusted as described
above. The spatial distributions of dust emissions are mainly dominated by the spatial
distributions of the dust source function in the GOCART scheme and the desert and
semi-desert masks over North Africa in the DUSTRAN scheme (Fig. 1). Both schemes
simulate consistent spatial distribution showing that dust emissions mainly occur over
the Sahara desert regions (15° N=35° N) of northern North Africa with a large amount
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of dust emissions over northern Niger and Chad, but the DUSTRAN scheme simulates
more dust emissions near the west coast of North Africa. The temporal evolutions of
the total dust emissions over North Africa from the two schemes are well correlated with
a correlation coefficient of 0.96 (Fig. 4), indicating the dominant influence of the WRF
simulated 10-m wind speed (v ,,,) @nd friction velocity (u,) on the temporal evolution of
dust emissions in the two schemes. Both schemes simulate three dust storms (around
12, 19, and 30 January) with a maximum daily dust emission of ~12Tg during the
simulation period, which significantly contribute to the simulated AOD near the dust
source regions (Sect. 5). Biomass burning emissions (BBurn) of BC and OC (organic
carbon) are also shown in Fig. 2 for comparison with dust emissions. Biomass burning
emission is the dominant aerosol source over southern North Africa.

4.2 Dust size and spatial distribution

Figure 5 shows the normalized cross-sectional area size distributions of the WRF-
Chem simulated dust particles in different cases in the daytime (09:00-16:00 UTC)
during the simulation period over northeast Niamey (17.5°~18.5° N, 5°~7° W) at 500-
1000 m above the ground level (a.g.l.), where the DABEX aircraft sampled the “pure”
dust (Osborne et al., 2008). The cross-sectional areas of dust particles are calculated
as 7zr2, where r is the radius of the particle. The total “normalized” cross-sectional
area of dust particles is equal to 1. Cross-sectional area size distribution is shown in-
stead of volume size distribution because it can better represent the optical properties
(i.e., extinction cross-section) of particles. The log-normal fit suggested by Osborne et
al. (2008) to best represent the size distribution of the DABEX aircraft measured “pure”
dust is also shown. Aerosol size distributions are also retrieved from AERONET at
the Banizoumbou site; however Osborne et al. (2008) showed that the AEROENT re-
trieved aerosol size distributions have a large bias versus aircraft measurements over
the vicinity of Niamey. We obtained the same comparison as Osborne et al. (2008)
and hence do not show the AERONET retrievals in this figure. Modal1-G and Sect1-G
simulate different size distributions of dust particles, although they have the same size
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distributions of emitted dust. Modal1-G overestimates the dust in the submicron size
range and underestimates the dust in the super-micron size range compared to the
aircraft measurements, while Sect1-G well captures the features in the aircraft mea-
surements. The difference in size distributions between Modal1-G and Sect1-G mainly
results from their different aerosol size treatments: modal versus sectional approaches.
The Modal2-G simulated size distribution shifts towards smaller sizes and has a larger
bias than that of Modal1-G compared to aircraft measurements. The difference of dust
size distributions between Modal1-G and Modal2-G results from their use of different
size distributions of emitted dust.

Different size-resolved dust emissions and aerosol size treatments result in different
dust concentrations. Figure 6 shows the mean spatial distribution of the WRF-Chem
simulated lower atmospheric (<1 km a.g.l.) dust mass concentrations of dust particles
with radius less than 5um (r <5 pm) in the daytime (09:00-16:00 UTC) from different
cases (Modal1-G, Modal2-G, Sect1-G and Sect1-D) over North Africa during the sim-
ulation period. The mass concentrations are shown not only for dust particles in the
whole size range (r < 5um) but also for fine particles (r <1.25um) and coarse parti-
cles (1.25< r <5pum) separately. The spatial distributions of dust concentrations are
generally consistent with the patterns of dust emissions. With similar dust emissions,
Sect1-G and Sect1-D simulate close domain averaged dust concentrations of 197 and
202 ug/m3 for particles in the whole size range, 44 and 43 ug/m3 for fine particles, and
153 and 159 ug/m3 for coarse particles, respectively. Although Modal1-G with different
aerosol size treatment produces different dust size distributions from Sect1-G, it simu-
lates similar dust mass concentrations of particles in the whole size range to Sect1-G
with a domain averaged concentration of 198 ug/ms, which may indicate that the to-
tal dust burden is mainly controlled by the emission and dry deposition processes of
dust in the model during the simulation period (dry season with small wet deposition
effect). However, Modal1-G simulates 25% higher mass concentrations (56 ug/ms) for
fine dust particles and 8% lower mass concentrations (142 ug/ms) for coarse dust par-
ticles than Sect1-G, reflecting its different dust size distributions from Sect1-G. Com-
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pared to Modal1-G, Modal2-G simulates 35% higher domain averaged concentrations
(270 ug/ms) for dust particles in the whole size range, 85% higher for fine dust particles,
and 15% higher for coarse dust particles due to its emissions of more dust particles
with smaller sizes.

5 Modeling the shortwave radiative forcing of mineral dust
5.1 Impact on Aerosol Optical Depth (AOD)

Mineral dust significantly contributes to the AOD over North Africa. Figure 7 shows the
mean spatial distribution of AOD at 550 nm from MISR and MODIS satellite retrievals
and the corresponding WRF-Chem simulations with and without dust emissions dur-
ing the simulation period over North Africa. Model results are sampled in the same
over-path with satellites. MISR and MODIS show consistent spatial patterns of the
AOD with a correlation coefficient of 0.72. Both of them show the highest AOD over
southern North Africa resulting from the combination of mineral dust transported from
the north and the biomass burning aerosols. The domain averaged AOD observed
by the two satellites is similar: 0.32 from MISR versus 0.31 from MODIS. Among the
WRF-Chem simulations in different cases, Modal1-G, Sect1-G and Sect1-D simulate
similar results with domain averaged AOD of 0.37, 0.36, and 0.36 respectively, 10—-15%
higher than satellite retrievals. The spatial distributions of AOD from the three simula-
tions are consistent with those from satellite retrievals with correlation coefficients (R)
of ~0.70, particularly over the Sahara desert, indicating that the dust source regions
are well represented by the dust source function in the GOCART scheme and the Ol-
son vegetation map in the DUSTRAN scheme over North Africa. Modal2-G with more
dust particles of smaller sizes and higher dust concentrations simulates ~25% higher
domain-averaged AOD of 0.46 and weaker-correlated spatial distribution of AOD ver-
sus satellite retrievals (R =0.60). The WRF-Chem simulation without dust emissions
significantly underestimates the domain averaged AOD with a value of 0.20, particu-
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larly over the Sahara desert.

Figure 8 shows the hourly column AOD at 550 nm from WRF-Chem simulations
with and without dust emissions, in comparison with the AERONET measurements at
six sites over North Africa, the MISR and MODIS retrievals, and the DABEX aircraft
measurements (only available at the Banizoumbou site) during the simulation period.
From the AERONET measurements, the Djougou and llorin sites over the biomass
burning area have the highest period averaged AOD of 0.72 and 0.94 respectively
with the peaks up to 1.7, compared to 0.41 and 0.36 at the Banizoumbou and IER
Cinzana sites over the Sahel region respectively, 0.35 at the Dakar site at the coast,
and 0.20 at the Capo Verde site on a near-coast island. Satellite retrievals generally
correlate well with the AEROENT measurements, although they have lower values than
the AERONET measurements particularly at the Djougou and llorin sites. Very few
retrievals are available from MISR due to its narrower swath width. At Banizoumbou,
the DABEX aircraft measured AOD are consistent with the AERONET measurements
with a period average of 0.44.

At Banizoumbou and IER Cinzana, Sect1-G and Sect1-D simulate similar results and
generally reproduce the AERONET measurements with period averaged AOD of 0.40
and 0.42 at Banizoumbou and 0.37 and 0.36 at IER Cinzana respectively (the model
average is calculated only from time samples when AERONET measurements are
available, the same hereafter), because the dust emissions (the C value) were tuned
through comparing the Sect1-G and Sect1-D simulated results and AERONENT re-
trievals at these two sites. Modal1-G simulates 11% higher AOD of 0.44 and 0.41 than
Sect1-G at these two sites due to its including of more dust particles with smaller sizes.
All the three cases successfully capture two observed dust storm episodes (18-22 and
26-31 January). The simulation without dust emissions significantly underestimates
the AOD at both sites. At Djougou and llorin, Modal1-G, Sect1-G, and Sect1-D simu-
late period averaged AOD of 0.47—-0.50 at Djougou and 0.65-0.69 at llorin respectively,
which are higher than satellite retrievals but lower than AERONET measurements. All
three cases capture the lower values of the AERONET measured AOD (<1.0) at the
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two sites, but significantly underestimate the higher values (e.g., up to 1.5 at Djougou
and up to 1.7 at llorin around 16 January). These occasional high AOD measured at
these two sites are likely due to local biomass burning, which is difficult to be simu-
lated by the model using the GFEDv2 biomass burning emission inventory with 8-day
temporal resolution. At Dakar and Capo Verde, the MODIS retrievals are generally con-
sistent with the AEROENT measurements, although there are very few measurements
available from AERONET at these two sites. Modal1-G, Sect1-G, and Sect1-D simulate
period averaged AOD of 0.34—-0.40 at Dakar and 0.35-0.41 at Capo Verde respectively,
and successfully capture the AERONET and satellite observed outflow events during
14-16 and 22-26 January and 31 January—3 February, but generally overestimate the
magnitude of the outflows, particularly for the first event at Capo Verde. Sect1-D sim-
ulates the highest averaged AOD at the two sites among these three cases because
the DUSTRAN dust scheme simulates more dust emissions near the west coast of
North Africa. The simulation without dust emissions does not show the dust outflow
events. The model overestimation of the dust outflow may result from the bias of WRF
in simulating the wind fields during these periods, when WRF simulates stronger low-
level (925 hPa) westerly wind speed than that from the NCEP reanalysis data over the
band of 15°N-20° N (figure not shown). Modal2-G simulates up to 50% higher AOD
than Modal1-G and significantly overestimates the AERONET measured AOD at Ban-
izoumbou and IER Cinzana sites over the Sahel region. The comparison of the period
averaged AOD among various measurements and model simulations is summarized in
Table 2. MISR is not shown due to its poor temporal coverage. The model averaged
AOD is sampled at the time of the AERONET measurements, while the MODIS AOD
is an average of all the data because MODIS does not always have data available at
the time of the AERONET measurements.

5.2 Impact on aerosol extinction profile

The vertical profiles of WRF-Chem simulated dust are evaluated through the compar-
ison of the aerosol extinction coefficients from measurements and model simulations.

9770

ACPD
10, 9753-9799, 2010

The spatial
distribution of
mineral dust

C. Zhao et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/9753/2010/acpd-10-9753-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/9753/2010/acpd-10-9753-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Figure 9a shows the mean aerosol extinction (at 550 nm) profiles (from surface to 5 km)
from the DABEX aircraft and AMF lidar retrievals and the corresponding WRF-Chem
simulations during the DABEX period. The aerosol extinction from mineral dust and
biomass burning aerosol components is also shown in Figure 9b for both the DABEX
measurements and model simulations. The DABEX profile shown here is the average
of twenty profiles measured during eleven days within a mean distance of less than 100
km from the Niamey airport. The model average is sampled at the time and location of
the DABEX aircraft measurements, while the AMF profile is the average of all available
profiles retrieved at 08:00—11:30 UTC in 19 days from 13 January to 3 February follow-
ing Johnson et al. (2008a). The DABEX and AMF retrievals show generally consistent
profiles with peak aerosol extinction at ~0.20 within 1 km from the surface. The aerosol
extinction coefficient decreases with altitude. The difference between aircraft and AMF
measurements may be due to sampling difference. A more detailed inter-comparison
of the DABEX aircraft and AMF retrieved extinction profiles was presented in Johnson
et al. (2008a).

Sect1-G with dust emissions successfully reproduces the vertical profiles of the mea-
surements below 2km with a similar peak value of aerosol extinction coefficient at
~0.20 below 1 km. Above 2 km, Sect1-G underestimates the aerosol extinction coeffi-
cients. When partitioning the aerosol extinction profile between the dust and biomass
burning aerosol components, we find this underestimation results from the underesti-
mation of biomass burning aerosols (Fig. 9b). The Sect1-G simulated dust component
of aerosol extinction is consistent with the aircraft measurement, but its biomass burn-
ing aerosol component is ~50% lower than the measurements above 1km. Mineral
dust is the main component contributing to the aerosol extinction from the surface to
2km. A sensitivity simulation with doubling of biomass burning emissions (Sect1-G
BBx2 case in Fig. 9a) shows a better result, almost reproducing the measured extinc-
tion profile above 2 km. The Sect1-D simulated result is similar to Sect1-G and hence is
not shown. Modal1-G simulates 12% larger aerosol extinction coefficient than Sect1-G
and the difference mainly occurs below 2 km. Modal2-G significantly overestimates the
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aerosol extinction coefficient by up to 70% in the lower atmosphere (<1 km).
5.3 Impact on SW radiative heating profile

Mineral dust not only scatters but also absorbs solar radiation, and thus can affect the
SW heating profiles. The WRF-Chem model is also used to calculate the SW dust
heating rate in this study. The real part of the refractive index of mineral dust (n,) is
relatively well defined and set to 1.53 in this study. However, estimates of the imaginary
part (n;) still have large variations with a range from 0.0004i to 0.006i at wavelengths
around 550 nm suggested by previous studies (e.g., Patterson et al., 1977; Dubovik et
al., 2002; Haywood et al., 2003; Kandler et al., 2007; Osborne et al., 2008; Petzold
et al., 2009; Otto et al., 2009). A value of 0.003i in the middle of the range is used in
the standard simulations discussed above. Figure 10 shows the hourly column-mean
SSA at 600 nm from the AERONET retrievals at Banizoumbou, AMF retrievals at the
Niamey airport, and the corresponding WRF-Chem simulations at Banizoumbou during
the simulation period. The model simulated column-mean SSA is weighted by the AOD
at each model layer. The AERONET retrievals of an average of 0.86 are lower than
the AMF retrievals of 0.92, particularly during 6—-10 January. Osborne et al. (2008)
found that the AERONET retrieved SSA at quality level 2 is systematically lower than
that at quality level 1 for unknown reason, and is also lower than the average aircraft
measurements of 0.91 over the vicinity of Niamey.

The Sect1-G simulated SSA values are between the AEROENT and AMF retrievals
with a period average of 0.90. Since the n; of mineral dust is very uncertain, the vari-
ation of Sect1-G simulated SSA due to the uncertainty of n; (0.0004i—-0.006i) is shown
as the gray area in Fig. 10. The upper and lower bounds of the gray area are calcu-
lated with the n; equal to 0.0004i and 0.006i in the Sect1-G simulations respectively. It
shows that the averaged SSA can range from 0.86 to 0.94. The result from the Sect1-
G sensitivity simulation with doubling of biomass burning emissions is also shown.
The calculated column-mean SSA (0.89) from the sensitivity simulation is smaller than
the standard Sect1-G simulation. Sect1-D simulates a similar result to Sect1-G (not
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shown). Modal1-G simulates a higher average value of 0.91 than Sect1-G due to its
smaller dust particles. Modal2-G simulates the highest average value of 0.93 due to
its more dust particles of smaller sizes. Both of the retrievals show large variations of
SSA with time, while the model simulates less temporal variations of SSA. This may
result from the missing local biomass burning sources in the model.

Figure 11a shows the mean SW aerosol and dust heating profiles at 08:00—
12:00UTC from the WRF-Chem simulations in Sect1-G, Modal1-G, and Modal2-G
cases from the surface to 5 km at the Niamey airport during the DABEX period. The
Sect1-D simulated result is similar to Sect1-G and hence is not shown. Sect1-G simu-
lates the SW dust heating with a maximum rate of ~0.8 K/day at 0.5 km and a decreas-
ing trend with altitude. The variation of the Sect1-G simulated SW dust heating rate due
to the uncertainty of n; of dust (0.0004i—-0.006i) is shown as the grey area. The change
of n; can significantly modulate the SW dust heating below 4 km with a maximum vari-
ation of £0.5 K/day below 1 km. Modal1-G simulates lower (up to 13% below 1 km) SW
dust heating rates throughout the profile, reflecting its smaller dust particles that are
less absorbing. Although Modal2-G simulates the largest amount of smaller-size dust
particles, it simulates up to 30% and 50% higher SW dust heating rates below 2 km
than Sect1-G and Modal1-G respectively because of its higher dust concentrations and
AOD. The simulated SW aerosol heating profiles generally follow the SW dust heating
profiles but with higher rates because they include biomass burning aerosols that heat
the atmosphere with a rate of 0.15K/day below 1 km and 0.4 K/day above. The differ-
ence of simulated SW aerosol heating profiles among the three cases mainly results
from their difference in simulating SW dust heating profiles.

Figure 11b shows the mean SW aerosol heating profiles from the WRF-Chem sim-
ulations in the Sect1-G case and the calculation based on the AMF retrievals at the
Niamey airport. The AMF profile is the average of all available profiles calculated at
08:00-12:00UTC in 19 days from 13 January to 3 February to be consistent with its
extinction profile shown in Fig. 9a. The model average is calculated only from time
samples when the AMF calculations are available. The AMF profile shows two SW
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aerosol heating peaks of 1.5K/day and 1.0K/day at 0.5 and 3 km respectively. Be-
low 2km, Sect1-G simulates a similar shape of the heating profile with a SW aerosol
heating peak of 1.0 K/day at 0.5 km. However, the Sect1-G standard simulation under-
estimates the AMF calculated SW aerosol heating rate below 1km and above 2 km.
The model underestimation below 1 km partly results from its lower aerosol extinction
coefficient (Fig. 9a). The AMF retrievals also have a larger bias below 1 km (McFarlane
et al., 2009). Above 2km, the dust component of aerosol extinction (Fig. 9a) and the
possible range of SW dust heating rate due to the uncertainty of n; of dust (Fig. 11a) in-
dicate that this underestimation is likely related to the biomass burning rather than dust
aerosol component. Result from the sensitivity simulation of Sect1-G with doubling of
biomass burning emissions shows that increasing biomass burning aerosols results
in up to 65% increase of the SW aerosol heating rates above 2 km and thus better
comparison with the AMF calculations. It may reflect the uncertainty of the GFEDv2
inventory in estimating the total amount and spatial distribution of 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.

5.4 Impact on downwelling SW radiation

The scattering and absorbing effect of mineral dust on SW radiation can significantly
reduce the downwelling SW radiation at the surface. Figure 12 shows the spatial dis-
tribution of the clear-sky surface SW radiative forcing of dust at 12:00 UTC calculated
from the Sect1-G simulations with and without dust emissions for the simulation period
over North Africa. Sect1-G simulates significant surface SW radiative forcing of dust
with a domain averaged value of —-22 W m~? and a maximum of —~58 W m™2 over north-
ern Niamey and Chad at 12:00 UTC, consistent with the patterns of the simulated dust
concentrations and AOD. Over the Sahel region (the Niamey airport), Sect1-G simu-
lates an average surface SW radiative forcing of ~34Wm™2 from dust and -56 Wm™2
from total aerosols at 12:00 UTC. The sensitivity simulation of Sect1-G with doubling of
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total biomass burning emissions simulates a surface SW radiative forcing of -75W m~2

from total aerosols, well consistent with the value of -=78 W m~? retrieved by the AMF
during the same period. Sect1-D simulates similar results as Sect1-G, while Modal1-G
simulates 15% higher surface SW radiative forcing (-39 W m'z) from dust and Modal2-
G simulates the highest surface SW radiative forcing (—60Wm'2) from dust over the
Sahel region.

6 Conclusions

In this study, two dust emission schemes (GOCART and DUSTRAN) are coupled with
two aerosol models (MADE/SORGAM and MOSAIC) within the framework of the WRF-
Chem model to investigate the modeling sensitivities to dust emissions and aerosol
size treatments in simulating mineral dust and its SW radiative forcing over North
Africa. Two choices for the size distributions of emitted dust are also trailed in the
MADE/SORGAM aerosol model with the GOCART scheme. The performance of the
WRF-Chem model in simulating mineral dust and its SW radiative properties is eval-
uated over North Africa in this study for the first time. When compared to ground-
based, aircraft, and satellite retrievals of AOD, aerosol extinction profiles, SSA, and
SW aerosol heating rates, we find WRF-Chem with proper size-resolved dust emis-
sions and aerosol size treatments well captures the features of measured dust SW
radiative properties over North Africa, although the modeling results are sensitive to
the differences in size distributions of emitted dust and the underlying aerosol size
treatments.

Both dust emission schemes produce the same total dust emissions of 200 Tg, af-
ter proper tuning of the C parameter, during the simulation period (from 6 January
to 5 February 2006) over North Africa. They also simulate similar temporal evolution
of dust emissions, although they were developed in different formulas. The spatial
distributions of dust emissions from the two schemes are generally consistent but the
DUSTRAN scheme simulates more dust emissions over the west coast of North Africa,
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