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Abstract 

This study investigates the climatology and variability of summer Aerosol Optical Depth (AOD) 

over the Arabian Peninsula (AP) using a long-term high-resolution Weather Research and 

Forecasting model coupled with the chemistry module (WRF-Chem) simulation, available ground-

based and satellite observations, and reanalysis products from 2008 to 2018. The simulated spatial 

distribution of the summer AOD agrees well with the satellite observations and reanalysis over the 

AP, with spatial correlation coefficients of 0.81/0.83/0.89 with MODIS-A/MODIS-T/MERRA-2, 

respectively. Higher values of summertime AOD are broadly found over the eastern AP regions 

and the southern Red Sea and minima over the northern Red Sea and northwest AP, consistent 

with observational datasets. The WRF-Chem simulation suggests that the two regions of high 

AOD are associated with dust advected from the Tigris–Euphrates by the northwesterly summer 

Shamal wind in the eastern AP and from the African Sahara via Sudan by westerly winds through 

the Tokar Gap for the southern AP. The high AOD over the south-central east AP is due to locally 

generated dust by the action of northerly winds, modulated by variations in relative humidity, 

vertical motion, soil moisture, and soil temperature over the desert regions. The vertical extent of 

this dust is primarily driven by upward motion triggered by thermal convection over the local 

source region. In terms of interannual variability, summer AOD exhibits significant year-to-year 

variations over the AP region. In particular, enhanced (reduced) AOD over the southern AP 

(Persian Gulf) is observed during La Niña conditions, favored by stronger (weaker) Tokar westerly 

(northwesterly summer Shamal) winds. 

Keywords: Aerosol Optical Depth (AOD), Arabian Peninsula, WRF-Chem, MODIS.  



 
 

 

1. Introduction 

Dust over the Arabian Peninsula (AP), the second-largest source of global dust emissions (e.g., 

Goudie, 2014; Kunchala et al., 2018, 2019; Gandham et al., 2020), is a significant player in the 

Earth’s climate system (Tao et al., 2012; IPCC, 2018). On average, Arabian desert dust accounts 

for half of the global aerosol loading (Tanaka and Chiba, 2006; Engelstaedter et al., 2006; Ginoux 

et al., 2012). Dust significantly influences the spatio-temporal variability of the Aerosol Optical 

Depth (AOD) over the AP. It also plays a direct role in the atmospheric radiative process through 

scattering and absorbing shortwave radiation and trapping longwave radiation (Ramanathan et al., 

2001; Astitha et al., 2012; Alizadeh-Choobari et al., 2014b; Jin et al., 2018; Kunchala et al., 2018, 

2019; Krishna et al., 2019a), and indirectly through its influence on cloud microphysical properties 

(Ferek et al., 2000; Rosenfeld, 2000; Hui et al., 2008; Konwar et al., 2010; Alizadeh-Choobari et 

al., 2017, 2018a).  

The AP is a significant source of aerosol deposition globally (e.g., Rushdi et al., 2013, 

2017). Remote desert regions are also dust sources for the AP, including the vast Saharan Desert 

in the west, the Syrian and Iraq deserts in the north (Aljazeera, the alluvial plain of the Tigris–

Euphrates basin, the Zubair, Al-Hajarah, and Al-Dibdibah), and the three remarkable desert areas 

of An-Nafud in the northwest, Ad-Dahna in the northeast, and Rub al Khali in the southeast (e.g., 

Alizadeh-Choobari et al., 2016). During summer, aerosol distribution and variability over the AP 

are primarily associated with frequent sand and dust storms (Xian, 2016). Dust strongly affects the 

regional air quality and is associated with acute respiratory diseases in the population (e.g., Griffin, 

2013; Goudie, 2014; Ghude et al., 2016; Krishna et al., 2019b; Parde et al., 2020; Kulkarni et al., 

2020; Dasari et al., 2020). 

The AP summer (June to September inclusive) is characterized by dry soil, unstable 

atmospheric conditions, and high surface winds, which frequently trigger widespread and intense 

dust storms (Alharbi et al., 2013; Jin et al., 2018; Kunchala et al., 2018; Gandham et al., 2020). 

The North African dust transported across the Southern Red Sea (SRS) toward the AP influences 

the regional atmospheric dynamics, radiation budget, and regional circulation patterns (Notaro et 

al., 2013; Kunchala et al., 2019) and also influence the Indian summer monsoon rainfall (Vinoj et 

al., 2014; Solmon et al., 2015; Jin et al., 2018). 



 
 

 

Several studies have described the dust distribution and triggering mechanisms over the 

AP using satellite retrieved datasets. Schepanski et al. (2012) identified dust sources over Africa 

and the Middle East by backtracking individual dust plumes. Sannazzaro et al. (2014) identified 

dust outbreaks over the Mediterranean and AP region using satellite remote-sensing techniques 

based on a multitemporal approach. Kunchala et al. (2018, 2019) reported a significant positive 

trend in summertime dust loading over the SRS using satellite products. They further revealed that 

La Niña conditions are generally associated with dry conditions and favor the intensification of 

the Tokar jet and associated dust loading over the SRS (Kumar and Ouarda., 2014; Alizadeh-

Choobari et al., 2018b; Alizadeh-Choobari and Najafi., 2018; Gandham et al., 2020) 

The local topography and circulation features are important drivers of the dust distribution 

over the AP (Jiang et al., 2009; Roberts and Knippertz, 2014; Gandham et al., 2020). Regional 

climate models provide efficient tools to investigate the effect of the local topography and 

circulation patterns on dust distribution and could further help identify dust sources, gravitational 

settlement, and their effects on the local climate (Prospero et al., 2002; Ginoux et al., 2012; 

Bukowski et al., 2020). Moreover, such models are also commonly used to understand the 

mechanisms that control dust emissions (Cuesta et al., 2010; Jones et al., 2011; Knippertz and 

Todd, 2012), transport pathways (McKendry et al., 2007; Kalenderski and Stenchikov, 2016), and 

dust radiative effects (Perez et al., 2006; Alizadeh-Choobari et al., 2014a). 

Several studies have investigated the influence of dust on radiation budgets over different 

regions of the AP (e.g., Marcella and Eltahir, 2010) and the Middle East (Nabat et al., 2012; Steiner 

et al., 2014; Alizadeh-Choobari et al., 2015; Beegum et al., 2018) based on simulations of regional 

climate models. In particular, the Weather Research and Forecasting model coupled with the 

chemistry module (WRF-Chem; Skamarock and Klemp., 2008) was extensively used to 

investigate the AOD distribution and its effects on radiation over the AP. Kalenderski et al. (2013) 

analyzed WRF-Chem simulations to study the influence of winter dust transported to the AP across 

the Red Sea on surface energy budgets. Kumar et al. (2014) used WRF-Chem to study the influence 

of a premonsoon dust storm formed over the Indian region and suggested that dust induced strong 

cooling at the surface and top of the atmosphere, whereas its influence on the surface energy budget 

was relatively weak (significantly high) on a regional (local) scale. Jish et al. (2015) used WRF-

Chem to quantify the dust loading over the AP and Red Sea due to dust storms to estimate the 

associated radiation forcing. Fountoukis et al. (2016) reported that WRF-Chem with the Air Force 



 
 

 

Weather Agency (AFWA) dust scheme, adapted from the Georgia Institute of Technology–

Goddard Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model (Ginoux 

et al., 2001), better represents the AP dust compared to the S11 dust emission scheme (Shao et al., 

2011). The importance of configuring WRF-Chem with a high-resolution grid for simulating 

convection-associated dust storms over the AP was suggested by Anisimov et al. (2018). Miller et 

al. (2019) examined the characteristics and detection of lofted dust in the Middle East using 

satellite observations and WRF-Chem simulations. They further investigated the sensitivity of dust 

detection to the column water vapor, dust vertical extent, and dust optical properties. Karagulian 

et al. (2019) evaluated the simulation performance of the 12-km WRF-Chem configuration for the 

local air-quality index associated with an extreme dust event formed in March 2015 over the AP 

and reported an approximately 7°C decline in temperature after the passage of the dust storm. 

Bukowski and Van (2020) examined the sensitivity of a 3-km WRF-Chem model to assess the 

influence of various convective parameterization schemes and grid resolutions on the simulation 

of dust emissions and vertical variations in dust concentrations. Ukhov et al. (2020a, 2020b) 

evaluated the simulation performance of a 10-km WRF-Chem model for summer air quality over 

the AP using boundary conditions from the Modern-Era Retrospective Analysis for Research and 

Application version 2 (MERRA-2) reanalysis and reported significant improvement compared 

with ground-based observations.  

Previous aerosol modeling studies over the AP have been confined to a specific extreme 

dust event or were conducted over short periods. This work investigates the summer AOD 

climatology over the AP using the output of an 11-year-long high-resolution WRF-Chem 

simulation between 2008 and 2018 with available ground-based and remotely sensed observational 

and reanalysis datasets. After validating the WRF-Chem simulated AOD against the available 

observational datasets, we analyze the model outputs to investigate the AP summer AOD 

climatology and underlying atmospheric conditions. We further identify the significant dust source 

regions over the AP and the dust variability in relation to the regional dynamic characteristics. We 

finally examine the interannual variability of the AP summer AOD, focusing on the noticeable 

changes in the regional dust distribution during the La Niña events. 

The remainder of the paper is organized as follows. Section 2 describes the WRF-Chem 

model configuration, experimental setup, and observational datasets. Section 3 presents the model 

validation results against the available observations and the analysis of the prevailing atmospheric 



 
 

 

conditions and mean AOD distribution, identifying major dust source regions and possible dust 

transport mechanisms. Section 4 describes the driving factors for dust loading over the AP. 

Section 5 examines the interannual variability of AOD. A summary of the main findings and future 

work concludes the study in Section 6. 

2. Model and Datasets 

2.1 Model Description 

The WRF-Chem model (Skamarock and Klemp, 2008) is a fully compressible, nonhydrostatic 

model with a vertical terrain-following coordinate system designed to simulate the variability of 

aerosol concentrations and atmospheric processes. The model includes parameterization schemes 

to account for unresolved subgrid-scale physical processes, such as boundary layer turbulence, 

cloud microphysics, land surface processes, and shallow and deep convections. Moreover, the 

model accounts for aerosol interactions, trace gas reactions, emissions, mixing, transport, 

deposition, chemical transformations, and photolysis. The WRF-Chem model is widely used to 

investigate the distribution of aerosols, air quality, and cloud-chemistry interactions at regional 

scales (Grell et al., 2011; Archer-Nicholls et al., 2014; Marelle et al., 2017; Krishna et al., 2019a; 

Spiridonov et al., 2019). 

WRF-Chem is implemented with 52 vertical levels and a 10-km horizontal resolution 

(350×350 grid points) covering the AP (Fig. 1). Table 1 outlines the details of the selected physical 

parameterization schemes. Seasonal summer simulations are performed from May 15 to October 1 

of each year from 2008 to 2018. The first 15 days of the simulation are considered a spin-up period 

and are excluded from the analysis. The meteorological and chemical initial and boundary 

conditions are taken from the National Centre for Environmental Prediction Final Reanalysis 

(FNL) and the Model for OZone and Related chemical Tracers-4 (MOZART-4) dataset (Emmons 

et al., 2010) available at 1º and 1.9° spatial resolution, respectively. The lateral atmospheric and 

chemical boundary conditions are updated every six hours. It is common to use several 

hierarchically-nested domains to better maintain the balance in the feedback between the coarse 

and fine grids. Here we follow several previous studies that successfully downscaled the 1° FNL 

directly to 10km resolution grids using a single domain, reporting skillful high-resolution 

simulations (e.g., Yang et al., 2020; Zeng et al., 2020; Zhang et al., 2021). As demonstrated and 

analyzed in detail in Section 3, our model configuration was able to reproduce the general 



 
 

 

circulation characteristics and associated climatology and variability of summer AOD over the AP. 

The model uses the MOZART gas-phase chemical scheme (Emmons et al., 2010) and GOCART-

AFWA (Jones et al., 2011; Legrand et al., 2019). The GOCART-AFWA simulates various aerosol 

variables (e.g., organic carbon, sulfate, black carbon, and sea salt) in four different particle size 

bins with effective radii of 0.3, 1.0, 3.25, and 7.5 𝜇𝜇𝜇𝜇 for dry air. Dust particles are simulated in 

five particle size bins with effective radii of 0.5, 1.4, 2.4, 4.5, and 8.0 𝜇𝜇𝜇𝜇. The dust concentration 

is calculated as a function of the erodible area (Fig. 1), porosity, and surface wind speed fractions 

using the GOCART-AFWA dust emission scheme (Marticorena and Bergametti, 1995), 

comprising three major elements: saltation flux (H), threshold friction velocity (u∗t), and bulk 

vertical dust flux (F). 

𝐻𝐻(𝐷𝐷𝑃𝑃) =  𝐶𝐶
𝜌𝜌𝑎𝑎
𝑔𝑔
𝑢𝑢∗3  �1 +

𝑢𝑢∗𝑡𝑡
𝑢𝑢∗
� �1 −

𝑢𝑢∗𝑡𝑡2

𝑢𝑢∗2
� ,      (1) 

where Dp is the particle diameter, C is a tuning constant, ρa is the air density, g is the gravitational 

force, and u∗ is the friction velocity, which is a function of dust particle dimensions and soil 

moisture. The following expression describes the bulk vertical dust flux triggered by saltation: 

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐻𝐻 (100.314(%𝑐𝑐𝑏𝑏𝑎𝑎𝑐𝑐)−6)  ×  𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸.     (2) 

Moreover, GOCART is indirectly related to radiative transfer processes through 

MOZART-4 because MOZART-4 interacts with radiative transfer processes by calculating 

photolysis accounting for the effect of aerosols and clouds (Tie et al., 2003). This scheme does not 

account for wet deposition and secondary organic aerosol formation. Wet deposition should not 

significantly affect the AP summer AOD distribution, which only rarely experiences precipitation 

during this season, except for the south-western AP region (Abid et al., 2018; Attada et al., 2021). 

2.2 Datasets 

Available ground-based, remotely sensed AOD observations and reanalysis fields over the AP 

were collected to evaluate the model simulations. These include AOD at 550 nm from the 

Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua (MODIS-A) and MODIS-Terra 

(MODIS-T) satellites, MERRA-2 reanalysis, and the Aerosol Robotic Network (AERONET). The 

Goddard Earth Sciences Data and Information Services Center provided the MODIS daily gridded 

data form Aqua and Terra (MYD04_L2 and MOD04_L2, combined dark target, and Deep Blue, 



 
 

 

giovanni.sci.gsfc.nasa.gov/giovanni). The MODIS Level 2 aerosol data, available at a 0.1° spatial 

resolution, are widely used to study the variability and transport pathways of AOD around the 

globe (e.g., Hsu et al., 2004; Remer et al., 2005; Levy et al., 2013; Jin et al., 2018). The AOD 

dataset from MERRA-2 reanalysis is generated using the Goddard Earth Observing System 

version 5 (GEOS-5) atmospheric model (Colarco et al., 2010; Molod et al., 2015). We also used 

the AOD ground-based observations from the AERONET, which are available at three different 

levels: Level 1.0 (unscreened), Level 1.5 (cloud screened), and Level 2.0 (quality assured) (Holben 

et al., 1998). This study considers only quality-controlled Level 2.0 AERONET AOD observations 

at the KAUST Campus and Solar Village (Riyadh) stations over the AP available for a long period 

to validate the WRF-Chem simulations. 

Different meteorological parameters from the European Centre for Medium-Range 

Weather Forecasts Reanalysis version 5 (ERA-5) (Hersbach et al., 2018) available at a horizontal 

resolution of 0.25° are used to evaluate the model results. This includes three‐dimensional winds, 

surface air/soil temperature, relative humidity (RH), geopotential height, planetary boundary layer 

height (PBLH), surface soil moisture, and sea level pressure (SLP). Surface dust concentrations 

and horizontal and vertical winds are also taken from MERRA-2. 

2.3 Quantifying Model Skill 

To quantify the model skill, we computed different statistical metrics, including the mean 

difference (bias), standard deviation (STD), correlation coefficient (CC), mean absolute error 

(MAE), and root mean square error (RMSE; Armstrong et al., 1992) of AOD between the model 

and observations. These skill scores are computed for the whole AP (10–32°N, 30–60°E), the 

eastern AP (EAP) (18–24°N, 45–57°E), the northeast AP (NEAP) (24–32°N, 42–56°E), and the 

SRS (13–20°N, 38–44°E) regions, as suggested by Attada et al. (2020). The large-scale variations 

in the meteorological conditions are further analyzed over the entire AP to explain the variability 

in summer AOD. 

3. Model Validation and Prevailing Atmospheric Conditions 

3.1 Meteorological Parameters 

The generation and transportation of dust aerosols and their physical responses depend on the 

atmospheric conditions. Summer circulation patterns play a crucial role in modulating the spatial 



 
 

 

distribution of AOD over the AP (Shao et al., 2011; Kunchala et al., 2018, 2019). Therefore, 

circulation patterns and associated meteorological conditions must be understood before studying 

the AOD variations.  

We first analyzed the thermodynamic structure of WRF-Chem simulations during summer 

over the AP in comparison to ERA-5. The spatial distribution of surface air temperature from the 

ERA-5 (Fig. 2a) and WRF-Chem (Fig. 2b) indicate higher temperatures (above 35°C) over the 

EAP and Sudan and lower temperatures over the south-western AP and Ethiopia. The higher EAP 

temperatures are associated with strong insolation during summer over this region (e.g., Attada et 

al., 2018, 2019a). The moderate temperatures over the southwest AP and Ethiopia are primarily 

related to rainfall, governed by the large-scale inter tropical convergence zone (ITCZ) (e.g., Attada 

et al., 2019b). Rainfall associated with the progress of the Indian summer monsoon over the 

southern parts of the AP also contributes to removing aerosols (wet scavenging) from the 

atmosphere (Kunchala et al., 2018; Attada et al., 2019b). 

The mean summer seasonal wind patterns over the AP (Figs. 2c to 2d) are dominated by 

the northerly and northwesterly Shamal winds (Shalabay et al., 2015; Attada et al., 2019b; 

Kunchala et al., 2019). The southern AP is also strongly affected by The Indian summer monsoon 

winds. The spatial distribution of SLP and low-level winds (850 hPa) indicate (Figs. 2c to 2d) an 

intensive surface heat low (~1000 hPa) over the southeast AP, associated with the Indian summer 

monsoon trough. The high-pressure zone over the northwest AP modulates the regional 

atmospheric circulation (Attada et al., 2019b). The simulated Arabian heat low, high-pressure 

system over the northwest AP, and pressure distribution over the Red Sea agree well with ERA-5. 

The mean low-level circulation simulated by WRF-Chem and ERA-5 reveals northwesterly winds 

over the northeastern AP, northerly winds over the EAP region, and relatively stronger northerly 

winds (6 to 8 ms-1) over the Red Sea. A noticeable active branch of northwesterly winds driven by 

a strong pressure gradient between the northwestern and southeastern AP (as observed in the SLP 

distribution) is prominent over the EAP and Arabian Gulf. These northwesterly winds promote the 

advection of aerosols over the northeast and EAP, whereas the westward winds in the Tokar Gap 

transport a significant amount of dust from the African Sahara Desert (Kunchala et al., 2018).  

The upper level (200 hPa) winds during summer over the AP are characterized by two 

strong upper-tropospheric jets: the subtropical westerly jet (SWJ) in the north and the tropical 



 
 

 

easterly jet (TEJ) in the south (Fig. 2e). Although SWJ is a permanent circulation feature over the 

AP throughout the year, the TEJ pushes the SWJ further north in summer. The WRF-Chem 

simulations of these upper-tropospheric circulation systems are in good agreement with ERA-5 

(Figs. 2e to 2f), albeit with slightly strong wind speeds over Somalia. The model and observations 

demonstrate a maximum intensity of TEJ of about 24 ms-1 over the southwest AP and East Africa. 

Figure 3a presents the mid-tropospheric anticyclone, which is an expression of upper-mid-

tropospheric subsidence, with a core of 5920 gpm over the central AP. A low-pressure system 

develops in the western Arabian and Mediterranean Seas during summer. The WRF-Chem and 

ERA-5 indicate a mid-tropospheric divergence over the AP, associated with surface convergence 

(Attada et al., 2018). The mid-tropospheric divergence, often associated with clear sky conditions, 

favors intense insolation that further deepens the Arabian heat low, triggering surface convergence 

and uplifting dust over the AP (Kunchala et al., 2019). Moreover, PBLH affects surface aerosol 

concentrations and alters the radiation balance. The spatial distribution of PBLH from WRF-Chem 

and ERA-5 demonstrates (Figs. 3a and 3b) a maximum PBLH around the north-central AP. The 

WRF-Chem model overestimates the PBLH compared to ERA-5 over the EAP, which favors a 

relatively higher vertical dispersion of dust aerosols and an overestimation of the AOD (see 

Fig. 3d). 

The RH affects desert humidification and has a vital influence on the summer AOD 

distributions over the AP (Shaheen et al., 2021). The spatial distribution of RH at 850 hPa exhibits 

the maximum RH over the southeastern AP, Yemen, and Ethiopia and the minimum RH (<10%) 

over the central AP, Arabian Gulf, northern Red Sea, and Egypt (Fig. 3c). In addition, WRF-Chem 

(Fig. 3d) successfully captures the locations of the maximum and minimum RHs, in good 

agreement with ERA-5. The higher RH over the southern AP is associated with the progression of 

the Indian summer monsoon and the position of the ITCZ (Hassnean et al., 2017; Attada et al., 

2019b).  

3.2 Aerosol Optical Depth distribution 

The spatial distributions of the mean summer AOD (June, July, August, and September: JJAS) 

from MODIS-A, MODIS-T, MERRA-2, and WRF-Chem are presented in Fig. 4 (individual 

months are presented in Fig. S1 in the Supplementary Material). In addition, MODIS-A and 

MODIS-T suggest (Fig. 4a and 4b) the highest AOD (more than 0.8) over the SRS, average AOD 



 
 

 

values of about 0.6 over the Gulf of Aden, the Arabian Gulf, southeastern parts of AP, and the 

northwestern Arabian Sea, and minimum AOD (less than 0.3) over the northern Red Sea, eastern 

Mediterranean Sea, and Iran. MERRA-2 presents (Fig. 4c) similar patterns and further indicates 

plumes of AOD along the Tokar Gap from the Sudan region, which are not noticeable in 

MODIS‑ A and MODIS-T. All these features are well captured by WRF-Chem (Fig. 4d). The 

model also simulates higher AOD loading in June and July over the southern AP region compared 

to August and September, in agreement with the satellite products and MERRA-2. Kunchala et al. 

(2018) suggested that the Tokar westerly winds blowing through the Tokar Gap advects dust from 

Sudan and cause AOD loading in the southern parts of AP and SRS. Further, higher AOD with a 

banana-shaped distribution extended from the northeast to the southwest AP is noticeable in the 

model simulation and observations.  This high AOD is associated with the advection of dust 

aerosols from the desert Tigris-Euphrates due to the summer Shamal winds. In addition, all 

datasets indicate the minimum AOD over the south-western AP and Ethiopia, primarily attributed 

to the rainy conditions of the Indian summer monsoon (Klingmuller et al., 2016; Kunchala et al., 

2018; Attada et al., 2019b). 

The spatial distribution of the summer AOD standard deviation from MODIS-A and 

MODIS‑ T (Figs. 4e and 4f) indicates high AOD variability over the SRS, EAP, and low 

variability across the northwest AP and Iran. Moreover, MERRA-2 suggests lower variability than 

MODIS over some parts of the AP, including the SRS and Arabian Gulf. Ukhov et al. (2020b) 

noted that MERRA-2 underestimates the summer AOD compared to MODIS over the Red Sea 

and the AP. In addition, WRF-Chem simulates more or less similar spatial patterns of AOD, more 

in agreement with MODIS but with higher variability over the EAP and Ethiopia. Overall, WRF-

Chem reproduces the summertime AOD variability reasonably well, consistent with that reported 

from MODIS by Kunchala et al. (2018). 

Figures 4i and 4j illustrate the differences between the WRF-Chem and MODIS mean 

summer AOD, revealing that the model simulates higher AOD over the southeastern AP and Sudan 

regions and slightly lower concentrations over the SRS, Iran and Arabian Gulf. Compared to 

MERRA-2, WRF-Chem (Fig. 4k) simulates higher summer AOD over Sudan and the Gulf of 

Aden. The statistical skill measures computed between the WRF-Chem and MODIS AODs (and 

MERRA-2) averaged over the complete AP and its subregions (NEAP, EAP, and SRS; outlined 

in Fig. 4) are outlined in Table 2. Over the AP, WRF-Chem exhibits a positive bias of 0.10, 0.10, 



 
 

 

and 0.11 and RMSEs of 0.13, 0.12, and 0.13 concerning MODIS-A, MODIS-T, and MERRA-2, 

respectively. Similar model biases or RMSE ranges are also obtained over the AP subregions 

(Table 2). However, the regionally averaged skill scores of WRF-Chem are better over the NEAP 

than the other AP subregions, but its CC is comparatively lower than the other regions. 

Model performance was further evaluated over the whole AP and various subregions 

through a scatter analysis (Fig. 5). The WRF-Chem AOD values over the AP range from 0.1 to 

0.9, whereas MODIS values vary from 0.1 to 0.6. The CC values for WRF-Chem and MODIS-A, 

MODIS-T, and MERRA-2 over the AP are 0.82, 0.84, and 0.90, respectively (Fig. 5). The CC 

values for the AP subregions are outlined in Table 2. Overall, the qualitative and quantitative 

analyses suggest that WRF-Chem exhibits good skill at describing the observed AOD variability 

over the AP. 

The WRF-Chem AOD simulations were further evaluated against the AERONET ground-

based observations collected at KAUST Campus and Solar Village and against MODIS-A and 

MODIS-T satellite observations and the MERRA-2 reanalysis at the same location. Pearson’s CC 

between the daily AOD observations and co-located points extracted from the WRF-Chem outputs 

(Fig. 6) suggests that the model simulations agree well with the AERONET observations. The 

correlations between the model simulated AOD for AERONET, MODIS-A, and MODIS-T 

observations and MERRA-2 AOD at the KAUST Campus (Solar Village) are 0.54 (0.53), 0.74 

(0.75), 0.68 (0.68), and 0.77 (0.82), respectively. 

Previous studies have reported that the highest aerosol loading over the AP is associated 

with dust storms (Jin et al., 2018; Kunchala et al., 2018). The daily climatology of the summer 

AOD across the whole AP and different subregions from WRF-Chem, MODIS-A, MODIS-T, and 

MERRA-2 are presented in Fig. 7. Moreover, MODIS (Aqua and Terra) and MERRA-2 

demonstrate a similar temporal evolution of AOD over the AP. In addition, WRF-Chem simulates 

higher AODs (Fig. 7a) and noticeable AOD variations over the SRS (Fig. 7b) during July and 

August, primarily due to the variations in the Tokar westerly jet (Kunchala et al., 2018, 2019). The 

temporal evolution of AODs over the NEAP is in close agreement with the observed variations 

(Fig. 7c). In the EAP (Fig. 7d), WRF-Chem simulates a more robust seasonal cycle than 

MERRA‑ 2 and MODIS. Overall, WRF-Chem simulates the seasonality of the AOD reasonably 



 
 

 

well, with higher values during summer, in agreement with MODIS and MERRA-2, despite the 

slightly higher AODs over the EAP. 

3.3 Radiation Fluxes, Soil Temperature, and Moisture 

Radiation fluxes are crucial in examining the surface energy balance and understanding the role of 

aerosols in modulating the radiation budget. The downward surface shortwave flux is further 

strongly influenced by atmospheric aerosols, especially over high aerosol loading regions 

(Papadimas et al., 2012), which influences the Earth’s radiation budget (Jin et al., 2018). 

The analysis of sensible heat fluxes derived from ERA-5 indicates (Fig. 8a) that in summer, 

the Red Sea, Arabian Gulf, and Arabian Sea gain heat (+30 W/m2) while the land regions lose heat 

(-30 W/m2 to -100 W/m2). The intense evaporation over the Red Sea and Arabian Gulf leads to 

negative latent heat fluxes (-200 W/m2; Fig. 8a), as observed in ERA-5. Although WRF-Chem 

simulates a distribution of surface sensible and latent heat fluxes similar to that of ERA-5, 

significant discrepancies are still noticeable in the sensible heat flux over land regions, likely due 

to temperature biases. The model also slightly overestimates the latent heat flux compared to 

ERA‑ 5 (Fig. 8b), particularly over the Gulf of Aden. The negative net surface radiative fluxes 

over the AP are directly related to the decrease in the sensible heat flux, as the surface net radiation 

is composed of sensible and latent heat fluxes. 

In addition, ERA-5 demonstrates (Fig. 8c) high net shortwave radiation at the surface 

(above 300 W/m2) over the northern Red Sea, Arabian Gulf, and eastern Mediterranean, and low 

values (less than 170 W/m2) over parts of the southern AP (Fig. 8c). Moreover, WRF-Chem 

(Fig. 8d) captures similar distributions with slight overestimations (about 5% higher) over the AP 

and underestimations (about 5% higher) over the Arabian and eastern Mediterranean Seas. The 

spatial distribution of net longwave radiation from ERA-5 (Fig. 8e) and WRF-Chem (Fig. 8f) 

indicate negative values over the entire AP, with maxima over the northern AP and Iran. Though 

WRF-Chem exhibits similar spatial distributions, it slightly overestimates (by about 10% higher) 

the longwave radiations. The clear sky conditions over the AP allow more net shortwave radiation 

to reach the surface, resulting in the maximum net longwave radiation reflected to the atmosphere. 

Kunchala et al. (2019) emphasized the important role of soil moisture and soil temperatures 

in modulating the dryness and their implications on the aerosol distribution over the AP region. 

The spatial distribution of soil temperatures (Fig. 9a) from ERA-5 exhibits higher values confined 



 
 

 

to regions between latitudes 17°N to 22°N, extending from northeast to southeast parts of the AP, 

where soil moisture exhibits low values (Fig. 9d). Further, WRF-Chem reproduces the soil 

temperature distributions reasonably well (Fig. 9b) in the northeastern and southeastern parts of 

the AP, with slight differences (about 1°C to 2°C) compared to ERA-5. A negative bias in soil 

temperature is observed over the Red Sea coast and central AP region, whereas a lower positive 

bias is observed over the northeastern AP region and parts of the southern AP region. The higher 

soil temperatures over the northeastern and southeastern parts of the AP reduce soil moisture and 

enhance dryness (Kunchala et al., 2019), favors dust uplifting and further atmospheric heating. 

4. Driving Factors of Dust Loading over the Arabian Peninsula 

The driving factors of dust loading over the AP are discussed in this section, identifying the 

relationships between the dust and relevant meteorological parameters, such as horizontal and 

vertical winds, RH, and surface temperatures. Wind speed plays a significant role in generating 

and advecting dust aerosols (Shao et al., 2011). Most dust aerosols over the AP are transported by 

two wind regimes: the Tokar and Shamal jets (Yu et al., 2016, Kunchala et al., 2019; Gandham et 

al., 2020). The Tokar jet transports dust from Sudan/Sahara toward the Red Sea and AP (Kunchala 

et al., 2019), and the summer Shamal jet lifts the dust from the Tigris–Euphrates and transport it 

to the Arabian Gulf and AP (Yu et al., 2016, Kunchala et al., 2019; Gandham et al., 2020). The 

vertical profiles of wind speeds from WRF-Chem and MERRA-2 in summer over the core regions 

of Tokar and Shamal jets (Figs. 10a and 10b) suggest that the strength of these jets reaches a 

maximum of about 7 ms-1 between 950 and 900 hPa pressure levels (Figs. 10a and 10b). Wilderson 

(1991) reported that a minimum wind speed of about 4 to 5 ms-1 is required to lift dust particles. 

The spatial correlation between the core region of the Tokar and Shamal jet (925 hPa) wind 

speeds and dust concentration at the same level from both WRF-Chem and MERRA-2 

demonstrates (Fig. 10d) a significant positive relationship over the Tokar region that extends to 

the SRS and another region extending from the northeastern to southeastern AP with strong 

positive correlations. This relationship suggests that an increase in dust emission flux is directly 

related to the regions of increased wind speed and outlines the role of Tokar and Shamal in the 

transport of dust from Sudan and the Tigris–Euphrates basin to the SRS and northeastern to 

southeastern AP, respectively. 



 
 

 

We further compared the mean spatial distribution of dust deposition and concentration 

from WRF-Chem and MERRA-2 (Fig. S2). The results reveal that WRF-Chem well captures the 

spatial patterns of dust concentration/deposition. In addition, higher dust concentrations are 

noticeable along the eastern coast and southeast AP in both the model and reanalysis. In addition, 

WRF-Chem simulates fine-scale dust concentrations along the Red Sea coast, related to the higher 

erodibility fraction, as presented in Figure. 1, whereas it is absent in the relatively coarse resolution 

MERRA-2 reanalysis. 

Rub al Khali, also known as the Empty Quarter land in the EAP, considered the primary 

source of dust over AP, experiences strong aerosol variability through frequent dust storms 

(Kunchala et al., 2019). However, most of the dust loading over the EAP is not always advected 

by large-scale features but can also be generated locally due to thermal convection. A scatter 

analysis was performed between the dust and meteorological variables (Fig. 11) over this region 

to investigate this further. The results suggest (Figs. 11a and 11d) a significant positive correlation 

between dust and surface temperatures of about 0.72 (0.50) from WRF-Chem (MERRA-2). The 

lower atmospheric RH is negatively (-0.52 in WRF-Chem and -0.67 in MERRA-2) correlated 

(Figs. 11c and 11f) with dust, suggesting that the prevalence of dry conditions is favorable for 

localized aerosol emissions over the EAP. The correlation between the 925 hPa vertical velocities 

and dust is positive (0.52 in WRF-Chem and 0.6 in MERRA-2; Figs. 11b and 11e), indicating that 

strong upward motions triggered by thermal convection result in dust uplifting from the surface 

into the atmosphere. 

The vertical distribution of WRF-Chem simulated dust and vertical winds over the 

permanent dust source region of the EAP is finally examined to investigate the role of vertical dust 

concentrations in the atmospheric thermal structure. The time-height section of dust demonstrates 

the highest dust concentrations, with dense dust layers of more than 600 µg/m3, located between 

the surface and 700 hPa (Fig. 12a), decreasing with altitude. Positive vertical velocities (Fig. 12b) 

are also noticeable over the EAP due to the presence of the Arabian heat low, which supports the 

uplift of dust from the surface to the lower atmosphere. Furthermore, the atmospheric boundary 

layer over the EAP in July and August is relatively deeper and occasionally reaches up to 4 to 

5 km (Attada et al., 2018), enhancing the vertical mixing of dust aerosols. In September, the lower 

dust concentrations are related to the subsidence at 850 hPa, suppressing the vertical dry 



 
 

 

convection over the EAP. The analysis of the vertical distributions reveals that the ascending 

motion associated with the Arabian heat low pump dust aerosols into the atmosphere and deeper 

boundary layer, supporting the vertical mixing contribution to the increased AOD over the EAP. 

The zonally averaged (over longitudes between 35°E and 60°E) dust concentration during JJAS 

(Fig. S3) indicates a large dust layer between 14°N and 24°N associated with the Tokar Gap jet. 

5. Interannual Variations of Aerosol Optical Depth 

To examine the interannual variations of AOD over the AP and assess the model skill at 

reproducing them, we computed the AOD anomalies by removing the mean AOD over the study 

period from 2008 to 2018 from the model simulations (Fig. 13): MODIS and MERRA-2. Positive 

AOD anomalies are observed over the entire AP, except over the SRS between 2008 and 2013, 

followed by negative anomalies between 2014 and 2018. The AOD anomalies from WRF-Chem 

during the El Niño and La Niña years agree well with the observations and reanalysis datasets. An 

enhanced (reduced) summer AOD over the SRS (NEAP) is noticeable during the La Niña 

conditions in all datasets. 

The mean spatial distributions of AOD and winds from MODIS-A, MODIS-T, 

MERRA‑ 2, and WRF-Chem during La Niña (Figs. 14a to 14d) and El Niño episodes (Figs. 14e 

to 14h), and the differences between the episodes (Figs. 14i to 14l) suggest that the positive (El 

Niño)/negative (La Niña) phases of the El Niño southern oscillation (ENSO) contribute to 

lower/higher AOD variability. We also carried out a composite analysis of the summer AOD and 

low-level (850 hPa) winds for El Niño (2009, 2015) and La Niña (2010, 2011) episodes to explore 

the role of the ENSO events on the AP AOD. Satellite and WRF-Chem AOD distributions are 

higher than 0.9 over the SRS, although MERRA-2 has lower AOD magnitudes of about 0.65 (Fig. 

14). Furthermore, the difference between La Niña and El Niño periods from WRF-Chem (Figs. 

14d and 14h) indicates higher AOD values over the SRS (more than 0.1) and southern AP, which 

agree well with the remotely sensed and reanalysis datasets. The AOD differences over the SRS 

(NEAP) can be attributed to the relatively stronger (weaker) Tokar westerly winds (northwesterly 

summer Shamal winds) during La Niña conditions (Figs. 14i to 14l). The low-level Tokar jet 

advects dust aerosols from East Africa, enhancing AOD over the SRS during La Niña events, as 

reported by Kunchala et al. (2018).  

6. Summary and Conclusions 



 
 

 

This study evaluated the performance of WRF-Chem to simulate the summer AOD climatology 

and associated meteorological conditions over the AP. Ground-based (AERONET) and remote-

sensing observations (MODIS-A and MODIS-T) and reanalysis datasets (MERRA-2) were 

analyzed to assess the WRF-Chem simulated summer AOD, configured at a 10-km horizontal 

resolution and integrated over 11 years (2008 to 2018). We also evaluated WRF-Chem simulated 

meteorological conditions against those of ERA-5. 

The results suggest that WRF-Chem meteorological outputs agree well with ERA-5 fields. 

In particular, WRF-Chem displayed an intensive surface heat low (~1000 hPa) due to the Indian 

summer monsoon trough over the EAP, including the Arabian Gulf, as observed in ERA-5. The 

typical strong northwesterly winds driven by a strong pressure gradient between the northwest and 

southeast AP over the EAP and Arabian Gulf were also well reproduced by WRF-Chem. 

The spatial distribution of AOD climatology from the observations and model simulations 

agrees well over the SRS, EAP, NEAP, and northwestern Arabian Sea, albeit to a slight positive 

bias over the UAE region with respect to MODIS. In addition, WRF-Chem can also represent the 

southeast and northwest AOD gradient over the AP, as seen in the observations. Overall, WRF-

Chem produced the main patterns of AOD over the AP, with a higher AOD variability over the 

EAP and a lower variability across the northwestern AP and Sudan, compared to MODIS. 

The net shortwave radiation fluxes simulated by WRF-Chem agree reasonably well with 

those of ERA-5. However, the model slightly overestimates the net shortwave and longwave 

radiation fluxes over the northern Red Sea and Arabian Gulf, where the clear sky conditions favor 

maximum shortwave radiations. WRF-Chem simulated sensible heat flux showed some 

discrepancies over land due to biases in the simulated maximum summer temperatures over AP. 

The spatial distribution of high (low) AOD is associated with high (low) soil temperatures and 

high (low) soil moisture, and these variables were well simulated by WRF-Chem. 

A strong positive relationship between the 925 hPa level wind speed and dust was reported 

over the AP. The westerly Tokar winds over the Tokar region extended to the SRS and parts of 

the southern AP, and northwesterly Shamal winds over the northeast AP play a significant role in 

AP dust loading. A positive relationship between dust and the upward motion was also identified 

over the EAP, primarily due to the thermal convection and associated dust uplift. 

The summer AOD over the entire AP and its subregions exhibited significant interannual 

variations from both observations and WRF-Chem. Further, WRF-Chem reproduced the year-to-



 
 

 

year summer AOD variations well over the AP and its subregions, as observed in MODIS and 

MERRA-2, but with slightly higher magnitudes. The La Niña conditions favored higher AOD over 

the SRS and lower AOD over NEAP, attributed to a stronger Tokar jet on the southwest coast of 

the Red Sea and weaker northwesterly summer Shamal winds over the NEAP. 

 Overall, this study demonstrated the ability of a high-resolution WRF-Chem model to 

simulate the summer AOD over the AP, its associated dynamical and thermo-dynamical features, 

and its long-term variability. Next, we will use the model outputs to investigate major dynamic 

and thermodynamic processes associated with summer dust storms. 
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Figure 1: Dimensionless dust erodibility field (S) from the GOCART emission scheme used in 
our model configuration. 
 



 
 

 

 
Figure 2: Spatial distribution of seasonal means of (a-b) 2m air temperature (°C), (c-d) sea level 
pressure (hPa, shaded) and low level (850 hPa) winds (ms-1), (e-f) upper level (200 hPa) winds 
from ERA5 (left column) and WRF-Chem (right column).  Arrows represent the wind direction 
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Figure 3: Spatial distribution of seasonal means of (a-b) geopotential height at 500 hPa (gpm, 
shaded) and boundary layer height (m, contours) and, (c-d) relative humidity at 850 hPa (%) from 
ERA5 (left column) and WRF-Chem (right column). 
 
 



 
 

 

 
 
Figure 4: Spatial distribution of mean summer AOD (first column) and corresponding standard 
deviations (second column) from (a) MODIS-AQUA, (b) MODIS-TERRA, (c) MERRA-2 and 
(d) WRF-Chem. The differences (third column) between (i) WRF-Chem and MODIS-AQUA, (j) 
WRF-Chem and MODIS-TERRA and (k) WRF-Chem and MERRA-2. Regions are indicated in 
the figure with (l) NEAP, (m) EAP and (n) SRS. 



 
 

 

 

 
 
Figure 5: Scatter plots of summer AOD over the (a) AP, (b) SRS, (c) NEAP, and (d) EAP between 
WRF-Chem and different observations for the period 2008-2018. 
 

 
 
Figure 6: Scatter plot of summer AOD between the AERONET observations and satellite 
products, reanalysis and WRF-Chem. 
 
 



 
 

 

 

 
 

 
Figure 7: Seasonal evaluation of daily climatology of AOD over the (a) AP, (b) SRS, (c) NEAP 
and (d) EAP from WRF-Chem, MODIS-AQUA, MODIS-TERRA and MERRA-2 data. 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
 
Figure 8: Spatial distribution of seasonal mean sensible heat flux (Wm-2; shaded) and latent heat 
flux (Wm-2; contours) (a-b), surface net shortwave radiation (Wm-2; c-d) and surface net longwave 
radiation (Wm-2; e-f) from ERA5 (left column) and WRF-Chem (right column). 
 
 
 



 
 

 

 
 
 

 
 
Figure 9: Spatial distribution of seasonal mean surface soil temperature (°C; a-b) and soil moisture 
(m3m-3; d-e) from ERA5 (First column) and WRF-Chem (second column) and differences between 
WRF-Chem and ERA5 (Third column) soil temperature (c) and soil moisture (f) over the period 
2008-2018. 
 
 
 



 
 

 

 
 
 
Figure 10: Vertical profiles of wind speed at (a) Tokar and (b) Shamal regions.  Spatial 
correlations between the wind speed at 925hPa and Dust concentration from (c) MERRA-2 and 
(d) WRF-Chem. 
 
 
 



 
 

 

 
 
Figure 11: Scatter diagrams between the dust concentrations (µg/m3) and (a, d) 2m temperature 
in K; (b, e) 925 hPa vertical velocities (ms-1); (c, f) relative humidity in percentage. Top panel is 
for WRF-Chem, bottom panel is for MERRA-2. 
 
 
 



 
 

 

 
Figure 12: Time-height sections of (a) dust concentrations (µg/m3) and (b) vertical velocity (×1e2 
ms-1) over the EAP simulated by WRF-Chem. 
 



 
 

 

 
 
Figure 13: Interannual variations of summer AOD averaged over (a) AP, (b) SRS, (c) NEAP and 
(d) EAP from WRF-Chem, MODIS-AQUA, MODIS-TERRA, and MERRA-2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
Figure 14: The composite mean of AOD (shaded) and 850 hPa winds (vectors, m/sec) for MODIS-
AQUA (first row), MODIS-TERRA (second row), MERRA-2 (third row), and WRF-Chem (fourth 
row) during La Niña (first column) and El Niño (second column) years during the period from 
2008-2018. The third column represents the difference between La Niña and El Niño events.  
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Potential highlights  

• This study evaluated the long-term simulations of Aerosol Optical Depth (AOD) using 

high resolution WRF-Chem model over the Arabian Peninsula (AP). 

• WRF-Chem successfully simulated the summer AOD climatology and its variability. 

• Potential driving factors of summer AOD loading over the AP is explored. 

• Summer AOD variability in the AP is mainly driven by northern shamal winds and 

westerly Tokar winds. 

• Enhanced (reduced) AOD over the southern AP (Arabian Gulf) is observed during La 

Niña conditions. 

 

 
Figure: Spatial distribution of mean summer AOD  from (a) MODIS-AQUA, (b) MODIS-
TERRA, (c) MERRA-2 and (d) WRF-Chem.  
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Tables: 

Table 1: Details of model Configuration 

Physics and Chemistry option: 
Microphysics Thompson Scheme (Thompson et al., 2008) 
Short/Longwave Radiation  RRTMG 
Surface Clay Physics Revised MM5 Monin-Obukhov Scheme 
Surface Layer Noah Land Surface Model (Chen and Dudhia, 2001) 
Planetary Boundary Layer YSU Scheme 
Cumulus Physics Kain–Fritsch (Kain, 2004) 
Gas-Phase Chemistry MOZART-4 
Aerosol Chemistry GOCART 
Photolysis Madronich F-TUV (Madronich et al., 1987) 
Anthropogenic emissions EDGAR-HTAP 
Biogenic emissions Megan (Guenther et al., 2006) 
Fire emissions NCAR version-1 (FINNv1) (Wiedinmyer et al., 2011) 
Dry deposition Wesely (1989) 

 
Table 2: Different statistical measures (Mean, SD, CC, Bias, RMSE and MAE) computed over 
AP and its sub-regions of AOD from satellite, reanalysis, and model simulations.  

 
 

AP Mean Standard 
Deviation 

Correlation 
coefficient Bias RMSE MAE 

WRF-Chem 0.59 0.12     
MODIS-Aqua 0.48 0.07 0.82 0.10 0.13 0.11 
MODIS-Terra 0.49 0.06 0.84 0.10 0.12 0.10 

MERRA-2 0.48 0.07 0.90 0.11 0.13 0.11 
SRS       

WRF-Chem 0.73 0.18     
MODIS-Aqua 0.68 0.16 0.80 0.05 0.12 0.09 
MODIS-Terra 0.66 0.15 0.80 0.07 0.13 0.10 

MERRA-2 0.61 0.10 0.85 0.13 0.17 0.13 
NEAP       

WRF-Chem 0.47 0.08     
MODIS-Aqua 0.48 0.06 0.66 -0.01 0.06 0.05 
MODIS-Terra 0.48 0.06 0.69 -0.01 0.06 0.05 

MERRA-2 0.44 0.05 0.71 0.03 0.06 0.05 
EAP       

WRF-Chem 0.74 0.19     
MODIS-Aqua 0.59 0.11 0.81 0.15 0.19 0.15 
MODIS-Terra 0.61 0.12 0.85 0.13 0.17 0.13 

MERRA-2 0.62 0.13 0.89 0.12 0.15 0.12 


	Revision Submitted to
	Abstract
	Keywords: Aerosol Optical Depth (AOD), Arabian Peninsula, WRF-Chem, MODIS.
	1. Introduction
	2. Model and Datasets
	2.1 Model Description
	2.2 Datasets
	2.3 Quantifying Model Skill
	3. Model Validation and Prevailing Atmospheric Conditions
	3.1 Meteorological Parameters
	3.2 Aerosol Optical Depth distribution
	4. Driving Factors of Dust Loading over the Arabian Peninsula
	6. Summary and Conclusions
	Acknowledgments
	Potential highlights
	 This study evaluated the long-term simulations of Aerosol Optical Depth (AOD) using high resolution WRF-Chem model over the Arabian Peninsula (AP).



