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a b s t r a c t

A three dimensional chemistry transport model, CHIMERE, was used to simulate the aerosol optical
depths (AOD) over the Arabian Peninsula desert with an offline coupling of Weather Research and
Forecasting (WRF) model. The simulations were undertaken with: (i) different horizontal and vertical
configurations, (ii) new datasets derived for soil/surface properties, and (iii) EDGAR-HTAP anthropogenic
emissions inventories. The model performance evaluations were assessed: (i) qualitatively using MODIS
(Moderate-Resolution Imaging Spectroradiometer) deep blue (DB) AOD data for the two local dust events
of August 6th and 23rd (2013), and (ii) quantitatively using AERONET (Aerosol Robotic Network) AOD
observations, CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) aerosol
extinction profiles, and AOD simulations from various forecast models. The model results were observed
to be highly sensitive to erodibility and aerodynamic surface roughness length. The use of new datasets
on soil erodibility, derived from the MODIS reflectance, and aerodynamic surface roughness length (z0),
derived from the ERA-Interim datasets, significantly improved the simulation results. Simulations with
the global EDGAR-HTAP anthropogenic emission inventories brought the simulated AOD values closer to
the observations. Performance testing of the adapted model for the Arabian Peninsula domain with
improved datasets showed good agreement between AERONET AOD measurements and CHIMERE
simulations, where the correlation coefficient (R) is 0.6. Higher values of the correlation coefficients and
slopes were observed for the dusty periods compared to the non-dusty periods.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Mineral dust is one of the dominant components of the total
atmospheric aerosol loading (Kohfeld and Tegen, 2007). On
average, an annual total of ~2000 Tg of dust is emitted in the
).
atmosphere, and around 20% of these emissions are from the
Middle-East region (Iran, north-eastern Iraq and Syria, and the
southern Arabian Peninsula) (Shao et al., 2011). During its lifetime
in the atmosphere, mineral dust has great impact on the Earth-
Atmosphere system (IPCC, 2013), cloud formation (DeMott, 2003),
air quality, visibility and human health (Giannadaki et al., 2014),
and marine ecosystem (Al-Shehhi et al., 2014). These implications
emphasize the importance of understanding the occurrence and
intensity of dust events, as well as their spatiotemporal
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distribution. Though the observations (ground/satellite based) are
the key to validating and refining the models; three dimensional
dust forecast models with appropriate dust emission schemes and
datasets can provide accurate AOD simulations over the domain of
interest.

During the last few decades, a large number of regional and
global models have provided dust forecasts. These include GOCART:
Goddard Chemistry Aerosol Radiation and Transport model oper-
ated by National Aeronautics and Space Administration-Goddard
Space Flight Center (Chin et al., 2000), MACC-ECMWF: Moni-
toring Atmospheric Composition and Climate model operated by
European Centre for Medium-Range Weather Forecasts (Morcrette
et al., 2009), MetUM: Unified Model from UK Met Office
(Woodward, 2001), GEOS-5: Goddard Earth Observing System
Model Version 5 (Colarco et al., 2010), and NGAC: NEMS-GFS
Aerosol Component model from National Centers for Environ-
mental Prediction (Lu et al., 2010), BSC-DREAM8b: Dust REgional
Atmospheric Model operated by the Barcelona Supercomputing
Center (P�erez et al., 2006), NMMB/BSC-Dust: non-hydrostatic
multi-scale model operated by Barcelona Supercomputing Center
(P�erez et al., 2011), DREAM-NMME-MACC: non-hydrostatic multi-
scale model by the coupling between DREAM and MACC models,
and CHIMERE: A multi-scale chemistry transport model for air
quality and dust forecasts (Menut et al., 2005). These models were
coupled online or offline with either short/medium ranges regional
weather forecast models or large scale global climate models to
simulate the mineral dust cycle. Global models reproduce the
seasonal dust features at a coarse spatial resolution (1.5�e5�), while
the regional models are efficient to simulate the mesoscale dust
events. In addition, the regional models use more complex dust
emission schemes as their resolution is closer to the small-scale
dynamical processes. Furthermore, the comparison and validation
with observations of dust events are better suited for regional
models.

CHIMERE is one of the chemistry transport models dedicated to
provide dust and air quality forecast at regional scale. Several
sensitively analyses were carried out for CHIMERE using different:
(i) meteorological data set (De-Meij et al., 2009), (ii) meteorological
data grid resolution (Srivastava et al., 2014), (iii) soil and surface
data sets (Menut et al., 2013, 2005), (iv) soil size distribution
(Menut et al., 2005), (v) soil moisture data (Briant et al., 2014), and
(vi) number of aerosol size bins (Foret et al., 2006). The dust
emission parameterization scheme (Alfaro and Gomes, 2001) is
found to be strongly related with the wind speed and therefore
accuratemeteorological parameter is an essential factor for realistic
aerosol simulations (De-Meij et al., 2009). The spatial interpolation
of the meteorological parameters is observed to reduce the accu-
racy of the simulated aerosol concentrations (Srivastava et al.,
2014). In addition, Menut et al. (2013) have analyzed the sensi-
tivity of the dust emission scheme in Northern Africa using
different datasets of soil texture (LISA, STATSGO-FAO) and rough-
ness length (LISA, ERS,USGS) and their results indicate that ERS
(European Remote Sensing) and STATSGO-FAO data sets provide
realistic spatial patterns of dust emission. Even though all these
sensitivity studies have improved the performance of CHIMERE
model in general, the fine-tuning of the model over the Arabian
Peninsula with realistic datasets on soil and surface properties is
virtually non-existent.

The objective of the study is to forecast the atmospheric dust
over the Arabian Peninsula using the CHIMERE model. For this
purpose, different configurationswith newdatasets describing soil/
surface properties and emission inventories are tested to fine-tune
the CHIMERE model over the domain. This adaptation process of
the model includes: (i) default configuration with the built-in soil/
surface properties at lower (500 hPa) and higher (200 hPa) vertical
levels (ii) MODIS soil erodibility and ERS scatterometer derived
surface roughness length (iii) MODIS soil erodibility and ERA-
Interim surface roughness length (iv) keeping the latest configu-
ration with EDGAR-HTAP anthropogenic emission inventories, and
(v) nested runs at 9 km resolution with final configuration. These
datasets are the best available database in view of the existing
literature survey over the region. Since simulating the background
dust-concentration in good accuracy is a challenge for any dust
models rather than simulating strong dust storm events, we have
selected August (2013), which has moderate dusty and normal
days, for the adaption of the model. Qualitative and quantitative
validations of the adapted model AOD simulation are performed
using different satellites-based products (MODIS DB and CALIPSO
vertical profiles), AERONET observations, and other forecast model
outputs.

2. Methodology

2.1. CHIMERE model description

CHIMERE is an open access multi-scale Eulerian chemistry
transport model mainly intended to produce hourly forecasts of
several aerosol and pollutant gas species concentrations (Bessagnet
et al., 2008; Chimere documentation, 2014). The concentrations are
computed by solving the continuity equation for processes such as
emissions, transport, deposition, chemical reactions, and aerosol
dynamics. The selection of appropriate parameterization schemes
for the aforementioned processes is generally based on previous
modeling studies, as detailed in Chimere documentation (2014).
The 3rd order Parabolic Piecewise method (PPM) is found to be the
most accurate scheme for horizontal advection, while the 2nd order
Van Leer scheme is mostly considered for vertical advection. A K-
diffusion parameterization scheme is used for vertical turbulent
mixing. The deposition module includes both wet (in-cloud and
sub-cloud) and dry scavenging processes for aerosols in eight size
bins. The aerosol hygroscopic growth factor is taken into account in
the deposition processes using a thermodynamic equilibrium
model (ISORROPIA) by computing the transition relative humidity
between the phases.

CHIMERE accounts for five types of emissions: (i) biogenic
emissions, (ii) sea-salt emissions, (iii) anthropogenic emissions, (iv)
fire emissions, and (v) dust emissions. The biogenic emissions are
calculated using the MEGAN model (Guenther et al., 2006), while
the marine aerosol production is based on the scheme proposed by
Monahan et al. (1986). The anthropogenic emissions are incorpo-
rated into the CHIMERE model domain using the EDGAR-HTAP
global emission inventories, collected as a part of HTAP (Hemi-
spheric transport of Air Pollutants project) (Janssens-Maenhout
et al., 2012). Dust emissions are calculated using the parameteri-
zation scheme proposed by Alfaro and Gomes (2001) (referred to
hereafter as AG2001). This dust emission scheme is well validated
over the deserts of Middle-East and North-African region
(Gherboudj et al., 2015; Menut et al., 2013; Mokhtari et al., 2012).
The soil and surface parameters, such as land-use, soil composition
(percentage of clay, silt and sand), soil erodibility, and surface
roughness length (z0), are required for the AG2001 scheme. While
the soil composition over the world is provided from the STATSGO-
FAO database, the soil erodibility and surface roughness can be
derived from different sources.

2.2. Model domain

The CHIMERE model has been set up in one-way hourly nesting
(no feed-back from inner to outer domain) configurations with
27 km and 9 km for the outer and inner domains, respectively. The
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outer domain is bounded between 9.5�Ne41.3�N and
36.8�Ee60.5�E, while the inner domain is bounded between
14.5�Ne35.5�N and 33�Ee58.5�E, as shown in Fig. 1. The vertical
levels of the model has been changed from 8 (up to 500 hPa) to 15
(up to 200 hPa) from the surface. The model simulations are
computed for a period of 30 days, from August 2 to 31 of 2013, and
the entire year of 2010.
2.3. Database for the model adaptation

2.3.1. Meteorology and boundary conditions
GOCART climatological simulations are used as the lateral

boundary condition data, while the meteorological fields are
simulated using theWeather Research Forecast Advanced Research
(WRF-ARW)mesoscale model version 3.5 (Wang et al., 2014). WRF-
ARW simulations are performed in one way nested run using the
global analysis product of the National Center for Environmental
Prediction (NCEP-GFS) at 0.5� spatial resolution for the initial and
boundary conditions for the outer domain.
2.3.2. Soil erodibility
The soil erodibility is one of the critical parameters required for

the dust emission estimation. Several methods are described in the
literature to derive the erodibility from/by: (i) topography of the
terrain (Ginoux et al., 2001), (ii) geomorphic approaches (Jenson
and Domingue, 1988), or (iii) surface reflectance (Grini et al.,
2005). The erodibility map built-in CHIMERE model over the
study domain is shown in Fig. 2a. The figure depicts poor spatial
variability of this variable over the Arabian Peninsula desert with
values equal to either 0 or 1, which do not represent the real con-
ditions. Therefore, soil erodibility from the MODIS surface reflec-
tance data has been derived, following the algorithm proposed by
Grini et al. (2005). The erodibility is estimated from the ratio of
the mean surface reflectance, calculated by averaging the monthly
mean reflectance acquired for the period from 2010 to 2013, to the
maximum surface reflectance (Fig. 2b). As displayed in this figure,
Fig. 1. Geographical domain for the CHIMERE model nested runs with the locations of
AERONET stations.
the soil erodibility shows high spatial variability, in comparison
with the built-in map (Fig. 2a), with high values over the sandy
areas because of their high surface reflectivity. The highest values
are observed over Saudi Arabia, while moderately high values are
observed over Iraq along the Tigris/Euphrates river basin, which are
considered as the top most erodible surfaces.

2.3.3. Surface roughness length
The surface roughness length (z0), which is used to estimate the

threshold friction velocity, constitutes another key factor in mineral
dust emission modeling. At synoptic scales, the parameter is
referred as aerodynamic roughness length and its magnitude varies
from a few centimeters to a meter (Menut et al., 2013). At this
spatial scale, the USGS aerodynamic roughness length values are
not suitable for the dust emission on relatively smooth arid regions.
There were many earlier attempts to map z0 over deserts in
mesoscale resolution (called the aeolian roughness length), which
are capable for accounting for sparse vegetation and small obsta-
cles, using different satellite observations. Marticorena et al. (2004)
mapped aeolian roughness length over North-Africa based on
measurements from the spaceborne POLDER (POLarization and
Directionality of the Earth's Reflectance) sensor. Based on the
measurements from the ERS scatterometer, Prigent et al. (2005)
derived the aeolian roughness map over arid/semi-arid areas,
which is incorporated into the CHIMERE model as a default map to
estimate dust over Middle-east and North-Africa (MENA) region.
However, it shows low spatial variability over the Arabian Penin-
sula, Fig. 3a. In addition, the values greater than 0.08 cm are
considered erroneous. Several earlier studies used a constant value
of 0.01 cm for locations where the surface roughness length is not
available (Astitha et al., 2012). For the present study, aeolian
roughness, z0 derived from ECMWF ERA-Interim re-analysis data at
spatial resolution of 25 km (Simmons et al., 2007) are used to
compute the spatial variability of dust emissions instead of the
default map (Fig. 3b).

2.4. Supporting data for model validation

The aerosol data used for this study are AERONET AOD, CALIPSO
vertical profiles of aerosol and cloud extinction coefficients
(Winker et al., 2010) and MODIS DB AOD (Hsu et al., 2013). AERO-
NET AOD and CALIPSO profiles are also considered to: (i) identify
two different dusty episodes (dusty and cloudy days from August
4the6th and dusty period from August 22nde24th) for the model
adaptation, and (ii) quantitatively validate the AOD simulations
carried out for the year 2010.

2.4.1. Ground-based measurements
Level 2 AERONET AOD products with an accuracy of ±0.01e0.02

(Holben et al., 2006) are considered for the validation of the model
at the stations; namely Solar-Village (24.91�N, 46.40�E), KAUST
Campus (22.31�N, 39.10�E), Eilat (29.51�N, 34.92�E) and Sede-Boker
(30.86�N, 34.78�E) (Fig. 1). While the Solar-Village is an inland
station located in the Arabian Peninsula, far away from the Arabian
Gulf and other industrialized areas, the KAUST campus is a coastal
location near the red-sea and ~95 km away from the urban center
Jeddah. Sede-Boker and Eilat stations are located in Negev desert,
where the effect of long-range transport of aerosols fromwest Asia/
Africa or urban pollution from Europe is significant (Maenhaut
et al., 2014).

Fig. 4 presents the level 2 hourly averaged AOD at 500 nm
(AOD500) and Angstrom exponent (a, estimated using the
Angstrom relation t ¼ bl�a, where b is the turbidity parameter) for
August 2013 at the considered AERONET stations. As shown in the
figure, the day-to-day variability in AOD as well as a is significant at



Fig. 2. Soil erodibility over the Arabian Peninsula: a) built-in map in CHIMERE model, and b), derived from MODIS reflectance.

Fig. 3. Surface roughness length over the Arabian Peninsula derived from: a) ERS scatterometer data, which is built-in map in CHIMERE model, and b) ECMWF ERA-Interim data.

Fig. 4. Day-to-day variability of aerosol optical depth at 500 nm (a) and (b) the
Angstrom wavelength exponent (a) at four AERONET stations (Solar-Village, KAUST
Campus, Eilat, and Sede-Boker).
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all the stations. In general, Solar-Village and KAUST Campus depict
similar temporal variability, in which AOD (a) varies between ~0.2
(0.05) and ~1.1 (1.2). The two distinct peaks observed in AOD (with
lower values of a) at these two stations around the first (3rde6th)
and third (22nde24th) week of August are associated with local
dust storm events. The KAUST station depicts more significant
temporal variations in AOD, which might be caused by the long-
range transport of aerosol from the surrounding deserts (West
Asian and North-African) and urban regions. Similarly, identical
temporal variations are observed for Sede-Boker and Eilat stations,
but with lower values of AOD (<0.4) and higher values of a
(mostly > 1.0). Though Sede-Boker is an arid regionwith significant
amount of local production of dust, the observed lowest values of
AOD with highest a values correspond to relatively quiet periods
with less amount of dust activity and a significant amount of
anthropogenic pollution. In fact, the dust events over this region are
more frequent during the transition seasons with maximum dust
activities during AprileMay, whereas the summer period is rela-
tively dust-free (Derimian et al., 2006). However, as this station is in
the downwind direction between dust from the Sahara/Arabian
Peninsula and urban pollution from Europe, the various air-mass
advection pathways influence the aerosol variability (Derimian
et al., 2006).
2.4.2. Satellite-based data
Fig. 5 illustrates the CALIPSO level 2 (King et al., 2004) vertical

profiles of aerosol and cloud extinctions (km�1) for August 5the6th
(descending passes) and August 23rde24th (ascending passes)
over the Arabian Peninsula. These profiles were selected based on
the maximum available spatial coverage over the domain. The ac-
curacy of these products is ~30% and this is mainly attributed the
difference to the low dust lidar ratio (Tesche et al., 2013). From
Fig. 5a, it is clear that the August 5the6th period was persistently
dusty and cloudy, especially over the southern part of the



Fig. 5. Vertical profiles of aerosol and cloud extinction for the two considered dust events: a) August 5th e 6th and b) August 23rd e 24th.
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Peninsula. Thicker aerosol layers with extinction coefficients
reaching ~1 km�1 are observed at the altitude region of 2e3 km
from surface (Fig. 5a1). The cloud profiles of August 5th (Fig. 5a2)
indicate the presence of dense optically thick clouds, particularly at
higher altitudes, and this makes the aerosol detection difficult from
space. Conversely, the vertical profiles of August 23rde24th show
another dusty event but with no significant amount of clouds
(Fig. 5b). Thick aerosol layers reaching up to 5 km altitudes with
relatively cloud-free atmosphere are observed during this period.

MODIS DB (AOD550), which was developed over visibly bright
surfaces, is considered to be more accurate than other satellite
products. Overall, high accuracy is observed for both MODIS DB
Aqua/Terra products over the Middle East and North Africa region
with a root mean-square error (RMSE) � 0.24 and determination
coefficient ranging between 0.63 and 0.86 depending on the loca-
tion when validated against AERONET measurements (Hsu et al.,
2013; Remer et al., 2013; Shi et al., 2013). These data are used in
the subsequent sections for the qualitative validation of the model.
2.5. Model validation

To estimate the degree of agreement between the AERONET
AODOi observations and CHIMERE AODSi simulations over each
station, the statistical parameters such as Mean Bias Error (MBE),
Root Mean Square Error (RMSE), Correlation Coefficient (R), and
Fractional Gross Error (FGE) are calculated for the hourly time-series
data: The equations of the statistical parameters, following Seinfeld
and Pandis (1998), are given in Appendix 1.
3. Results and discussions

The CHIMERE AOD simulations are carried out over the Arabian
Peninsula during August, 2013, for the two dust episodes (cloudy
and dusty period of August 4the6th and dusty period of August
22nde24th) with default configuration of CHIMERE and the
adapted version of the model. The validation of the AOD simula-
tions are performed, both qualitatively and quantitatively, based on
the inter-comparison with the observations (in-situ and satellites)
and various forecast models simulations. For the qualitative com-
parison, the AOD simulations at specific times during August 2013
are compared with the MODIS DB AOD. For the quantitative com-
parison, the AOD simulations are compared with: (i) AERONET
measurements for the whole year of 2010, (ii) various forecast
models for August 2013, and (iii) CALIPSO-derived aerosol extinc-
tion profiles for specific times during August 2013.
3.1. Performance evaluation of the default CHIMERE configuration

Figs. 6 and 7 represent the simulated CHIMERE AOD600 at 10UT
for the two dusty periods of August 4the6th and August
22nde24th, respectively. These simulations are performed using
the ERS scatterometer derived surface roughness length (z0) and
built-in soil erodibility with 8 (up to 500 hPa) and 15 (up to
200 hPa) vertical levels from the surface. The corresponding MODIS
DB AOD550 maps displayed in Figs. 6c and 7c are used for the
validation of these simulations.

The simulations on August 4the6th showed that spatial pattern
of the CHIMERE AOD600 values with 8 vertical levels un-
derestimates theMODIS AOD550 (Fig. 6a). Therefore, the model has
been reconfigured with 15 vertical levels and the results are given
in Fig. 6b. The CHIMERE AOD600 simulations are found to improve
significantly with an increase in vertical levels. This improvement
in the results is due to the better representation of the long-range
transport of aerosols in the model, especially through higher alti-
tudes. Studies showed that during the summer/spring seasons, the
mean dust layer tops around 4 kme8 km over the dust source re-
gions of the MENA region during storm events (Liu et al., 2008).
Signatures of long-range transport of dust plumes from the MENA
region through higher altitude are observed over other continental
locations as well (Prospero, 1999). Even with more vertical levels,
the spatial pattern is poorly reproduced in the model.

Similarly, the AOD simulations during the dust episode of
22nde24th August show underestimations for both vertical con-
figurations, as displayed in Fig. 7a and b. Therefore, the simulation



Fig. 6. CHIMERE simulated AOD (600 nm) over the Arabian Peninsula for the dust episode of August 4the6th using: a) default data of the CHIMERE model at vertical resolution of 8
levels up to 500 hPa, b) default data of the CHIMERE model at vertical resolution of 15 levels up to 200 hPa, and c) MODIS deep blue AOD (550 nm).
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results clearly indicate that the default CHIMERE model with built-
in soil/surface data is inadequate for the Arabian Peninsula region,
even though the configuration of the model is reported to have
reasonably good accuracy over the North-Africa in continental
scales (Menut et al., 2013).

3.2. Adaptation of the CHIMERE model for Arabian Peninsula

Recent studies, however, have shown that the dust emission
scheme is highly sensitive to the soil/surface properties, and
therefore realistic datasets on soil/surface parameters are
extremely important for simulation accuracy. As such, AOD
simulations are carried out to examine the effects of the soil/surface
parameters, by considering MODIS derived erodibility and (i) built-
in surface roughness length (ii) ECMWF ERA-Interim derived sur-
face roughness length (iii) ECMWF ERA-Interim surface roughness
length and EDGAR-HTAP emission inventories, and (iv) keeping the
final configuration with a nested run.

3.2.1. CHIMERE model with MODIS derived erodibility and default
surface roughness length

The AOD simulations are carried out for the full month of
August, using the new erodibility map derived from the MODIS
reflectance. The simulations on August 6th and 23rd, as



Fig. 7. Estimated aerosol optical depth (600 nm) over the Arabian Peninsula for the dust episode of August 22nde24th using: a) default data of the CHIMERE model and at vertical
resolution of 8 levels up to 500 hPa, b) default data of the CHIMERE model and at vertical resolution of 15 levels up to 200 hPa, and c) MODIS deep blue AOD (550 nm).
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representatives of the two dust events, are shown in Fig. 8a1 and
8a2, respectively. It is interesting to note that these simulations
showed significant improvement of the AOD values where the
spatial pattern is close to the MODIS DB AODs displayed in Figs. 6c3
and 7c2. In fact, recent research studies have demonstrated that the
performance of the dust models is affected by the accuracy of the
erodibility representations in models. However, the AOD simula-
tions are still underestimated, which indicates the importance of
analyzing the influence of other parameters in simulating dust
emissions.
3.2.2. CHIMERE model with MODIS erodibility and ECMWF derived
surface roughness length

The AOD simulations are carried out using ECMWF ERA-Interim
derived surface roughness length (z0) (Fig. 3b), keeping the MODIS
derived erodibility. As displayed in Fig. 8b1 and b2, the simulations
improved drastically and depict good agreement with the MODIS
DB estimates. These results confirm that the logarithmic wind
profile method, employed for the estimation of the ERA-Interim
surface roughness length from the wind profile data, is well
representative for the study domain (Shao, 2008).



Fig. 8. CHIMERE simulated AOD (at 600 nm) over the Arabian Peninsula using: a) MODIS erodibility, b) ECMWF ERA-Interim derived surface roughness length, and c) HTAP
emission inventories on 6th (top panel) and 23rd (bottom panel) of August 2013 respectively.
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3.2.3. CHIMERE model with anthropogenic emission inventories
The aforementioned AOD simulations are carried out for the

natural emissions, such as dust and sea-salt emissions. However,
enhancement in urbanization and industrialization sectors (min-
ing, refineries, manufacturing chemicals and plastics, construction
activities) over the past few decades, alongwith the discovery of oil,
has led to a significant increase in local urban pollution (Ghanem,
2001). In addition, the long-range transport of urban pollution
from Europe and west-Asia has resulted in high levels of air
pollution over the Arabian Peninsula (Gherboudj and Ghedira,
2014; Lelieveld et al., 2009). Previous dust modeling studies over
the MENA region have shown that the dust model under-predicts
the AOD for cases of high Angstrom exponents showing signifi-
cant influence from anthropogenic pollution (P�erez et al., 2006).
Therefore, the AOD simulations are carried out with the incorpo-
ration of the global EDGAR-HTAP emission inventories in the latest
configuration of the CHIMERE model (Section 3.2.2) and the results
are shown in Fig. 8c1,8c2. The improvements in the AOD simula-
tions suggest that the anthropogenic emission inventories are
important in increasing the accuracy of model over the Arabian
Peninsula. It is interesting to note that even during August, inwhich
the impact of anthropogenic aerosols is reported to be low; the
non-dust aerosol contribution is significant. This finding speculates
that during winter season, the emission inventories will be
extremely important for accurate AOD simulations.
3.2.4. CHIMERE model with the nested domain configurations
Though the simulations are found to improve significantly
through the refinements in the model configurations and with the
new databases, the values at the domain boundaries need further
improvement. This could be improved by forcing the model with
more accurate boundary conditions data obtained from the one-
way nesting of the CHIMERE model with 27 km (outer) and 9 km
(inner) domain resolutions. The simulated AOD for the finer
domain for August 6th and 23rd is shown in Fig. 9. As displayed on
these figures, the spatial variability of the AOD simulations is in
excellent agreement with the MODIS DB AOD (Figs. 6c3 and 7c2).
The figures clearly show that the adapted configuration of the
CHIMERE model effectively represents the spatial variability, as
well as the magnitudes of the AOD values.
3.2.5. Analysis of the adapted model performance using AERONET
observations

Fig. 10 presents the simulated CHIMERE AOD500 using the
aforementioned model configurations along with the AERONET
measurements at the four considered stations. The modeled
AOD500 values are estimated using the Angstrom relation using
AODs at 400 and 600 nm. As displayed in Fig. 10, the model results
are improved when MODIS erodibility and ECMWF ERA-Interim
surface roughness length datasets are incorporated. The day-to-
day variability of AOD500 is further improved with the incorpo-
ration of anthropogenic emissions. Furthermore, the nesting
refined the simulations again, particularly those close to the
domain boundary, such as Eilat and Sede-Boker. The statistical
parameters (MBE, RMSE, R and FGE) describing the correlation
between the measurements and simulations using the



Fig. 9. Finer nested domain simulations of AOD from the adapted CHIMERE model on: a) August 6th and b) August 23rd.

Fig. 10. Time series of the hourly AOD500 simulations for August 2013 with different configurations of CHIMERE along with the AERONET AOD measurements at a) Eilat, b) Sede-
Boker, c) KAUST Campus and d) Solar-Village.
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aforementioned configurations are calculated for the study period
(Table 1) and show large AOD underestimation when the default
configuration of the model is used. However, the agreement
Table 1
The model statistical scores against AERONET observations at different locations.

CHIMERE configurations Statistic parameters

KAUST campus Solar-Village

MBE RMSE R FGE MBE RMS

Default �0.34 0.33 0.10 0.009 �0.33 0.29
Default with high vertical resolution �0.34 0.3 �0.22 0.009 �0.31 0.2
With MODIS erodibility �0.10 0.1 0.51 0.002 �0.17 0.14
MODIS erodibility and ERA-Interim z0 �0.13 0.08 0.46 0.002 �0.11 0.13
EGDAR-HTAP emission inventories 0.02 0.02 0.54 0.001 �0.08 0.06
With nesting �0.02 0.02 0.63 0.001 �0.06 0.05
improves significantly from the original configuration using the
adapted CHIMERE model with new datasets on soil erodibility and
surface roughness length. The observed R/RMSE range between
Eilat Sede-Boker

E R FGE MBE RMSE R FGE MBE RMSE R FGE

2 0.04 0.006 �0.11 0.1 0.12 0.005 �0.09 0.05 0.16 0.004
0.15 0.006 �0.09 0.08 �0.18 0.004 �0.06 0.04 0.13 0.003

�0.20 0.005 �0.06 0.05 0.60 0.003 �0.04 0.03 0.60 0.003
0.23 0.002 �0.08 0.05 0.75 0.003 �0.05 0.03 0.50 0.002
0.34 0.001 �0.06 0.03 0.76 0.002 �0.01 0.02 0.61 0.001
0.40 0.004 �0.01 0.03 0.80 0.001 0.01 0.02 0.62 0.001
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0.23/0.03 and 0.75/0.08. When anthropogenic emission inventories
are taken into account for the simulations, the error between the
observations and simulations is found to reduce further. The sta-
tistical parameters also show significant improvements with R
values ranging from 0.34 (Solar-Village) to 0.76 (Eilat) and RMSE
ranging from 0.03 (Eilat) and 0.06 (Solar-Village). Finally, the same
configuration with nested run (9 km) is found to fine-tune the
simulations. The correlation-coefficient obtained with the nested
runs varies from 0.40 (Solar-Village) to 0.80 (Eilat), while the RMSE
ranges between 0.03 (Eilat) and 0.05 (Solar-Village). The observed
high R values are comparable or even higher than those reported in
other studies (De La Paz et al., 2013; P�erez et al., 2011). For instance,
when compared with the AERONET observations, the NMMB/BSC-
Dust AOD simulations showed high R values over different re-
gions, such as the Subtropical Atlantic (0.7e0.76), the North-Africa
and Iberian Peninsula (~0.7), Central and Eastern Mediterranean
(0.59e0.82), and Sahel (0.65e0.71) (P�erez et al., 2011). In addition,
lower R values (0.33e0.48) are obtained when simulating the
transported dust from Sahara to the Iberian Peninsula using CMAQ
(community multi-scale air quality) model coupled with dust
emission module (De La Paz et al., 2013).

3.3. Performance evaluation of the adapted CHIMERE model

The performance of the adapted CHIMERE model using MODIS
erodibility, ECMWF ERA-Interim surface roughness length and
EDGAR-HTAP emission inventories over the Arabian Peninsula
desert are evaluated quantitatively using the AERONET measure-
ments, various forecast models simulations, and CALIPSO vertical
profiles.

3.3.1. CHIMERE versus AERONET
Hourly time-series of simulated CHIMERE AOD500 along with

the corresponding AERONET measurements for the two stations of
Sede-Boker and Solar-Village for 2010 are presented in Fig. 11. At
Solar-Village, the model is able to capture the higher AOD values
during the dusty spring/summer seasons (MareAug). However the
model is found to underestimate the observations during the
autumn/winter seasons (SepeNov). At Sede-Boker, the day-to-day
variability in AOD is more or less accurately captured in the model.

The scatter plot between the CHIMERE hourly AOD and the
corresponding AERONET AOD observations (both at 500 nm) is
shown in Fig. 12. The data points are classified into two categories:
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Fig. 11. Time-series of hourly AOD500 for the year 2010 from the CHIMERE simulations
and AERONET observations at the stations of (a) Sede-Boker and (b) Solar-Village.
(i) dusty periods with angstrom component, a less than 1, and (ii)
non-dusty periods (anthropogenic) with a greater than or equal to
1. The basic statistical parameters (R, bias, rmse, slope and inter-
cept) are displayed for each category for both the stations. As dis-
played on this figure, better agreement between the CHIMERE and
AERONET values is observed for both stations during the dusty
periods. The R values for both stations are consistent with those
obtained for August 2013 (~0.6) during the dusty periods. The un-
derestimation is higher (Sede-Boker: R ¼ 0.22 and slope ¼ 0.20;
Solar-Village: R¼ 0.86 and slope¼ 0.37) at both stations during the
non-dusty periods, suggesting that anthropogenic emission in-
ventories need to be improved over the domain.

3.3.2. CHIMERE versus other forecast models
A cross validation of AOD simulations between CHIMERE and

other forecast models (BSC-DREAM8b_v2, MACC-ECMWF,
DREAM8-MACC, NMMB/BSC-Dust, UM MetOffice and NASA/
GEOS-5), obtained from the SDS-WAS (Sand and Dust Storm
Warning Advisory and Assessment System, Barcelona, Spain)
website, is performed for August (2013) at AERONET stations
(Fig. 13). As displayed in these figures, the adapted CHIMERE model
over the domain better represents the variability of the AOD at all
the sites, similar to the BSC-DREAM and MACC-ECMWF simula-
tions. Furthermore, our simulations with anthropogenic emission
are found to have good performance at all the stations, while the
earlier studies indicated that the aforementioned dust forecast
models underestimate the AOD during non-dusty season (Basart
et al., 2009). In addition, unlike the SDS-WAS simulations, our
simulations have high spatial resolution and can reliably reproduce
the spatial variability of the aerosol products in local scales.

3.3.3. CHIMERE versus CALIPSO
The CHIMERE vertical profile of the aerosol mass concentrations

(PM10) are validated with the CALIPSO vertical profiles of aerosol
extinction coefficient on August 6th and 23rd at ~10UT (Fig. 14). As
displayed on these figures, the height of the dust plume and the
vertical gradient is more or less accurately depicted in the simu-
lations. The thick dust plume reaching ~5 km in the latitude region
15�Ne25�N on August 06th is clearly observed in both observations
and model simulations (Fig. 14a1,14a2). The gradual decrease in the
dust plume intensity beyond 25�N is also discernible from the
model results. The relatively less intense dust plume with higher
vertical extend is fairly clear in the simulations of August 23rd as
well (Fig. 14b1,14b2). However, CALIPSO is found to underestimate
the dust extinction, particularly when the plume is relatively less
intense (Fig. 14b1). This could arise from either the CHIMEREmodel
uncertainties or from the uncertainties in the retrieval of extinction
profiles as demonstrated by Tesche et al. (2013), Zong et al. (2015).
In addition, it was demonstrated that CALIPSOmisclassifies mineral
dust in the upper troposphere as thin cirrus clouds and thereby
reducing dust extinction values (Yu et al., 2010). Nevertheless, the
present study shows moderately close agreement in the vertical
structurewith the observations, which indicates that the horizontal
and vertical advection schemes used in the model are realistic over
the Arabian Peninsula desert.

4. Conclusions

The configuration of a three dimensional chemistry transport
model CHIMERE has been adapted over the Arabian Peninsula. For
this purpose, CHIMERE was run with an offline coupling with WRF
model in nested configuration at spatial resolutions of 27 km and
9 km for outer and inner domains, respectively. CHIMERE model
simulations were carried out using a variety of configurations: (i)
default configurationwith the built-in soil and surface properties at



Fig. 12. Scatter plot between the hourly AOD500 from the CHIMERE simulations and AERONET observations for the year 2010 at the stations of Sede-Boker and Solar-Village for
both dusty and non-dusty periods.

Fig. 13. Model inter-comparison with different operational forecast models under SDS-WAS for August 2013.

S.N. Beegum et al. / Atmospheric Environment 128 (2016) 185e197 195
lower (500 hPa) and higher (200 hPa) vertical levels (ii) with
MODIS soil erodibility and default ERS scatterometer derived sur-
face roughness length (iii) with MODIS soil erodibility and ERA-
Interim surface roughness length (iv) keeping the latest configu-
ration with EDGAR-HTAP anthropogenic emission inventories, and
(v) with nested runs with finer 9 km resolution keeping the final
configuration. Finally, the regionally adapted model was used to
simulate the AOD for a period of a year. The CHIMERE AOD simu-
lations with the all considered configurations were validated both
qualitatively and qualitatively based on AERONET measurements,
MODIS DB AOD and CALIPSO profiles. The main findings are sum-
marized below:

� CHIMERE simulations with USGS soil and surface parameters
yielded higher errors, when compared with in-situ and satellite
observations.
� Increasing the number of vertical layers reduced the errors as
model was able to account for the accurate representation of the
long-range transport.

� CHIMERE simulations were observed to be highly sensitive to
the soil and surface datasets such as soil erodibility and surface
roughness length. With the inclusion of MODIS soil erodibility,
the CHIMERE simulations were improved significantly, both in
the absolute magnitudes and in the spatial pattern of AOD. The
results were also improved by using the ECMWF ERA-Interim
surface roughness length.

� Simulations with the global EDGAR-HTAP anthropogenic emis-
sion inventories brought the AOD simulations close to the
observations.

� Vertical structure of the simulated aerosols was in good agree-
ment with the CALIPSO profiles.

� CHIMERE simulations at finer spatial resolution of 9 km with
nested domain configuration resulted in accurate and realistic



Fig. 14. Vertical Profiles of Aerosol extinction coefficient (km�1) from the CALIPSO (left panel) and the profiles of CHIMERE simulated PM10 mass concentrations at 10UT: a) August
06th and b) August 23rd.
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simulations of AODs, when compared with AERONET mea-
surements, with correlation coefficients of 0.4e0.8 at the
considered stations.

� Performance evaluation of the adapted CHIMERE model with
the ARONET measurements for a period of 1 year showed good
agreement with correlation coefficient of ~0.6 with higher
values of slope and correlation coefficients during dusty periods.
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Appendix 1. Model statistics

� The Mean Bias Error (MBE), which represents the average de-
viations between the two datasets,

MBE ¼ 1
n

Xn
i¼1

ðAODSi � AODOiÞ (1)

The ideal value of this parameter is zero, while negative and
positive values indicate respectively underestimation and
overestimation.

� Root mean square error (RMSE), combines the spread of indi-
vidual errors and is strongly dominated by the largest values
due to the squaring operation,
RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ðAODSi � AODOiÞ2
vuut (2)

However, the usefulness of RMSE is questionable and the
interpretation becomes more difficult when prominent outliers
occur.

� The Correlation coefficient (R),

R ¼
Pn

i¼1

�
AODOi � AODO

�
�
�
AODSi � AODS

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1

�
AODOi � AODO

�2
�Pn

i¼1

�
AODSi � AODS

�2r (3)

where AODOi and AODSi represent the average values of the time
series for both observations and model simulations, respectively.
The correlation coefficient indicates how efficient is the model to
catch up the temporal fluctuationswith respect to the observations.

� Fractional Gross Error (FGE), which is ameasure of model error is,

FGE ¼ 2
n

Xi¼n

i¼1

����ðAODSi � AODOiÞ
ðAODSi þ AODOiÞ

���� (4)

The score of FGE varies between 0 and 2 and behaves sym-
metrically with respect to underestimation and overestimation,
without over emphasizing outliers.
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