
Highlights

Deposition and Radiative Forcing of Coarse and Fine Dusts over
the Middle East and their Impact on Solar Energy Devices

Suleiman Mostamandi, Alexander Ukhov, Johann Engelbrecht, Illia Shevchenko,
Georgiy Stenchikov

• Dust life cycle comprises emission, atmospheric transport, and deposi-
tion

• AOD is not sufficient to constrain dust, and dust deposition measure-
ments should be used

• PV efficiency suffers from SW radiation attenuation by deposited and
atmospheric dust

• Fine dust predominantly affects radiation and coarse dust is mainly
deposited on the surface of PV panels



Deposition and Radiative Forcing of Coarse and Fine

Dusts over the Middle East and their Impact on Solar

Energy Devices

Suleiman Mostamandia, Alexander Ukhova, Johann Engelbrechta,b, Illia
Shevchenkoa, Georgiy Stenchikova

aKing Abdullah University of Science and Technology, Thuwal, Saudi Arabia
bDesert Research Institute, Reno, Nevada, USA

Abstract

In dust source regions, such as the Middle East, dust is a major environmen-
tal factor affecting climate, air quality, and human health. Dust also hampers
solar energy harvesting by weakening downward solar flux and through de-
position on mirrors and solar panels. Dust emissions in models are usually
tuned to reproduce the observed aerosol optical depth (AOD), which reflects
the dust mass suspended in the atmosphere. However, this accumulated dust
mass is a residual of both emission and deposition processes. Consideration
of AOD alone is not sufficient to constrain the dust life cycle. Both deposi-
tion and the radiative effect of dust depend on dust size distribution which
exacerbates the problem.

To improve the description of the dust life cycle and estimate the dust
impact on solar energy devices we configured WRF-Chem for the Middle
East and studied the effect of coarse and fine dust on radiative fluxes and
spatial-temporal distributions of dust deposition rates. We also tested dust
simulation against available observations of dust deposition. The compari-
son of observed and simulated dust deposition rates is not simple because the
major part of the deposited mass is constituted by particles with radii larger
than 10 µm, that are not represented in up-to-date models. This does not
significantly affect the radiative balance, as the contribution of large particles
to AOD is relatively small. We found that dust deposition rates calculated
in WRF-Chem, MERRA-2, and CAMS, although comparatively consistent,
are 2-3 times smaller than observed rates. However, the simulated deposi-
tion of particulate matter with a diameter smaller than 10 µm (PM10) is in
good agreement with observations. Dust optical depth and associated net
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radiative cooling at the surface are well reproduced in the model reaching
20-30 W m−2. Fine dust particles are predominantly responsible for the sig-
nificant reduction (10 %) of the downward solar flux hampering solar energy
production, but dust deposited mass, which diminishes the efficiency of solar
devices, is mostly associated with coarse particles. Therefore, accounting for
coarse dust in model simulations and data assimilation would improve the
overall description of the dust mass balance and impact on environmental
systems and solar devices.

Keywords: Mass balance, Emission, Air quality, Arabian Peninsula,
Reanalysis, WRF-Chem, MERRA2, CAMS

1. Introduction1

Mineral dust is a critical player in the earth system, with a broad impact2

on the environment and different aspects of weather, climate, radiative bud-3

get, cloud microphysics, and atmospheric chemistry (Knippertz and Stuut,4

2014; Anisimov et al., 2018; Meng and Lu, 2007; Prospero et al., 2008; Ukhov5

et al., 2020a). Dust fertilizes oceans (Watson et al., 2000) as it provides nu-6

trients to surface waters and ultimately the seabed (Talbot et al., 1986; Swap7

et al., 1996; Zhu et al., 1997). Jish Prakash et al. (2015) estimated the an-8

nual dust deposition via major dust storms to the Red Sea to be 6 Mt, and9

total annual dust deposition can reach 8.6 Mt (Shevchenko et al., 2021).10

Dust can negatively impact infrastructure and technology by, for example,11

impairing the solar radiation reaching the earth’s surface due to dust scat-12

tering and absorption, therefore reducing the output of photo-voltaic (PV)13

systems. Furthermore, dust deposition on solar panels diminishes their effi-14

ciency (Mani and Pillai, 2010; Rao et al., 2014; Sulaiman et al., 2014).15

The Middle East (ME), with its large deserts, is one of the most signifi-16

cant mineral dust sources on earth (Knippertz and Stuut, 2014) generating17

about 500 Mt of dust annually (Knippertz and Stuut, 2014; Ukhov et al.,18

2020a). Along with absorbing and scattering radiation, dust acts as cloud19

condensation and ice nuclei (CCN, IN) affecting clouds and causing indi-20

rect radiative forcing (DeMott et al., 2010). Deposited dust changes surface21

albedo and harms vegetation (Chadwick et al., 1999). Dust loading over the22

ME is higher than other parts of the world (Jish Prakash et al., 2015; Kalen-23

derski et al., 2013), corresponding to the high values of aerosol optical depth24

(AOD). Osipov et al. (2015) and Kalenderski and Stenchikov (2016) showed25
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that mineral dust over the ME contributes more than 80% to the regional26

AOD. The remainder is produced by non-dust aerosols like sulfate (SO4),27

sea salt (SS), black carbon (BC), organic carbon (OC), and organics.28

Thus, the abundance of dust in the ME significantly impacts air quality29

and regional radiative balance (Forster et al., 2007; Zhao et al., 2014; Ukhov30

et al., 2020a). Kalenderski et al. (2013) simulated reduction of solar radiation31

at the earth’s surface during dust storm conditions reaching 100 W m−2.32

Osipov and Stenchikov (2018) calculated that the dust radiative effect has33

a profound thermal and dynamic impact on the Red Sea. The solar forcing34

in summer in the Southern Red Sea reaches -60 Wm−2; dust cooling effect35

reduces evaporation, and weakens the water inflow through Bab-el-Mandeb36

strait and the intensity of overturning circulation.37

To assess the impact of dust on the regional and global climate system it38

is important to assess the dust concentration in the atmosphere and its vari-39

ability in space and time. Dust size distribution and dust composition are key40

factors that control dust optical properties and gravitational sedimentation41

(Mallet et al., 2009; Bergametti and Forêt, 2014; Zhao et al., 2013).42

During the last decade, dust environmental effects have been extensively43

studied (Marticorena and Bergametti, 1995; Ginoux et al., 2001; Shao, 2001;44

Zender et al., 2003; Darmenova et al., 2009; Shao et al., 2010; Zhao et al.,45

2010; Solomos et al., 2011). Although up-to-date models capture many fea-46

tures of dust generation and transport, the spatial distribution of dust and its47

radiative forcing remain uncertain (Zhao et al., 2013). For example, the sim-48

ulated global dust emission in AeroCom models varies from 500 Mt year−1
49

to 5000 Mt year−1 (Textor et al., 2006; Huneeus et al., 2011; Kalenderski50

and Stenchikov, 2016).51

High uncertainty in simulated dust emissions can be attributed to the52

fact that models are tuned to fit the observed AOD, and emissions are a53

tuning parameter. The differences in dust sources, dust size distribution, and54

dust chemical composition exacerbate the uncertainties (Ginoux et al., 2012;55

Tegen et al., 2002; Zender et al., 2003; Balkanski et al., 2007; Darmenova56

et al., 2009; McConnell et al., 2010; Kok, 2011; Zhao et al., 2010, 2011).57

To improve the performance of regional or global dust models, we must58

more strictly constrain dust emission with observations. The measurement of59

dust emissions is notoriously difficult and here, therefore, we test our simula-60

tions with deposition observations collected at KAUST campus (Jish Prakash61

et al., 2016; Engelbrecht et al., 2017; Shevchenko et al., 2021). Since emis-62

sion and deposition both contribute to the dust mass balance this provides63
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an additional constraint to emissions.64

In this study we test dust deposition not only in WRF-Chem simula-65

tions, but also in CAMS and MERRA-2 data-assimilation products. We also66

quantify the impact of dust on solar devices. We consider both attenuation67

of incoming solar flux by dust suspended in the atmosphere and deposition of68

dust on optically active surfaces, discriminating the effects of fine and coarse69

dust particles.70

We aim to answer the scientific questions:71

1. How much dust is deposited over the ME regional seas and over land?72

2. Do models correctly describe dust emission and deposition over the73

ME?74

3. What is the dust effect on solar energy devices?75

4. What is the contribution of fine and coarse dust to radiative forcing76

and deposition rates?77

2. Physics Background78

The Middle East is known to be one of the hottest and driest regions in79

the world (Ukhov et al., 2020a), characterized by hot, dry summers and mild80

winters with intermittent rains (Climate.com, 2018). In summer, northern81

wind (Shamal) is dominant (Yu et al., 2016; Hamidi et al., 2013; Anisimov82

et al., 2018); whereas in winter southern wind, related to monsoon circulation,83

prevails.84

To assess the impacts of dust on climate and environmental systems, it is85

necessary to have a reliable estimate of dust concentration in the atmosphere86

and its spatial-temporal variability. Atmospheric dust content is controlled87

by three main processes: dust emission, dust transport, and dust deposition88

(Knippertz and Stuut, 2014).89

Dust generation is a complex process that results in the injection of a90

specific size distribution of primary dust particles into the lower layer of91

the atmosphere where they are microphysically processed. Dust emission is92

poorly constrained as it is difficult to measure (Zender et al., 2004; Uno et al.,93

2006; Todd et al., 2008).94

In the absence of rain, dry deposition and gravitational sedimentation95

are the primary mechanism of dust deposition in desert regions. However, in96

places with higher annual rainfall reaching 100 mm per year (Hasanean and97

Almazroui, 2015), such as the south-west Arabian Peninsula (Hasanean and98
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Almazroui, 2015), the dust wet deposition contribution can be comparable99

to the dry deposition. Still, dust gravitational settling is the most important100

removal process. The mass of dust (M) suspended in the atmosphere within101

the computational domain is defined by integrated over the domain emission102

(E), deposition (D), and trans-boundary transport (T) outside of the domain:103

dM

dt
= E −D − T , (1)

where, t is time. Dust emissions calculated within models are uncertain104

by almost an order of magnitude because they are tuned to reproduce aerosol105

optical depth, i.e., mass of particles suspended in the atmosphere (with some106

caveats). However, this mass is calculated using parameterized emissions and107

depositions that can be inaccurate. Models with interactive dust generation108

and transport would benefit from additional observational constrains on these109

processes.110

Mineral dust impact on the climate, radiation budget, cloud formation,111

and atmosphere circulation is sensitive to dust particle size distribution.112

However, models have difficulty correctly representing giant (r > 10 µm)113

dust particles, which may be radiatively significant (Ryder et al., 2019). Kok114

(2011) analyzed six sets of size-resolved vertical dust flux measurements and115

found that the size distribution of emitted dust is independent of wind speed.116

Kok et al. (2017) analyzed observations and model outputs of dust content,117

optical properties, size distribution, and dust lifetime, finding that up-to-date118

models underestimate dust loading in the atmosphere.119

3. Model and Experimental Setup120

WRF-Chem is a regional meteorological and chemical transport model121

based on the Weather Research Forecast model (WRF)(Skamarock et al.,122

2005; Grell et al., 2005). For this study, WRF-Chem has been configured123

for the ME. The model domain covers the Middle East, Arabian Peninsula,124

Eastern Mediterranean and parts of Central Asia with a 10×10 km2 horizon-125

tal grid and 50 hybrid vertical levels (See Figure 1). We employed the Yonsei126

University planetary boundary layer Scheme (YSU) (Hong et al., 2003) and127

Grell 3D ensemble convective parameterization scheme (Grell and Dévényi,128

2002).129

To calculate the atmospheric chemistry within WRF-Chem, we employed130

the Regional Atmospheric Chemistry Mechanism (RACM) (Stockwell et al.,131
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1997). The photolysis rates are calculated on-line according to (Madronich,132

1987). Similar to MERRA-2, the Goddard Global Ozone Chemistry Aerosol133

Radiation and Transport (GOCART) chemistry module is used to calculate134

SO2 to sulfate oxidation (Chin et al., 2002, 2014). We used the novel OMI-135

HTAP SO2 emission dataset (Liu et al., 2018) based on the combination of136

distributed SO2 emissions from residential and transportation sectors, taken137

from the HTAP-2.2 inventory (Janssens-Maenhout et al., 2015) supplemented138

by the strong (>30Kt year−1) SO2 emission sources assembled using satellite139

observation (Fioletov et al., 2016). All other constituents (biogenic and fossil140

components, BC and OC, etc.), including SO2 shipping emissions, are taken141

from the HTAP-2.2 inventory.142

The aerosol microphysical processes are calculated within the GOCART143

(Chin et al., 2002) model, which approximates the dust size distributions144

into five bins (Tab. 1). Dust density is assumed to be 2500 kg m−3 for the145

first dust-bin and 2650 kg m−3 for dust-bins 2-5. The dust emission scheme146

we employed in our simulations (Ginoux et al., 2001) assumes that dust147

emission mass flux, Fp (µg m−2 s−1) in each dust-bin p=1,2,...,5 is defined148

by the relation:149

Fp =

{
CSspu

2
10m(u10m − ut), if u10m > ut

0, otherwise.
(2)150

where, C has the dimension of [µg s2 m−5] and is a spatially uniform151

factor which controls the magnitude of dust emission flux; S is the spatially152

varying dust source function (Ginoux et al., 2001) that characterizes the153

spatial distribution of dust emissions; u10m is the horizontal wind speed at154

10 m above ground level; ut is the threshold velocity, which depends on155

particle size and surface wetness; sp is a fraction of dust mass emitted into156

dust-bin p, and
∑

sp = 1. sp defines the size distribution of emitted dust.157

In the chosen domain, there are three main dust emission sources (Fig-158

ure 1). In Central Asia, the emission source is located between the Aral159

and Caspian Sea. In the Arabian Peninsula, the main sources of dust are160

in the eastern region and a narrow zone along the west coast. In Africa,161

dust is generated in the Sahara and Somalian Peninsula. In order to repre-162

sent climatology and spatial distribution of dust deposition we divided our163

simulation into seven regions (Figure 1) based on the spatial patterns of the164

source function S.165

We tuned dust emissions to fit the AOD from the AERONET stations166
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located within the domain. For this purpose, the factor C from Eq. (2) was167

adjusted to obtain the best agreement between simulated and observed AOD168

at the KAUST Campus, Mezaira, and Sede Boker AERONET sites. We also169

tuned sp from (2) to better reproduce the Aerosol Volume Size Distribution170

(AVSD) provided by the AERONET inversion algorithm. This tuning and171

the comparisons of AOD and AVSDs from the assimilation products and172

WRF-Chem simulations are discussed in (Ukhov et al., 2020a, 2021).173

Table 1: GOCART dust/salt bins in radii (µm)

Bins
Bin Numbers 1 2 3 4 5

Dust 0.1 - 1.0 1.0 - 1.8 1.8 - 3.0 3.0 - 6.0 6.0 - 10.0
Sea Salt 0.1 - 0.5 0.5 - 1.5 1.5 - 5.0 5.0 - 10.0

To fulfill the objectives of this study, we ran the WRF-Chem-3.7.1 model174

with 10×10 km2 resolution for the entire year 2016. The lateral boundary and175

initial conditions both for meteorological fields, aerosols, and chemical species176

were calculated using Modern-Era Retrospective analysis for Research and177

Applications, Version 2 (MERRA-2) datasets Ukhov and Stenchikov (2020).178

This provides the most consistent boundary conditions that allows us to use179

a moderate-sized spatial domain and reduce computation time. Simulations180

were conducted for all months in parallel with one week spin-up time. The181

integration time step was 60 s.182

4. Observations and Data Assimilation Products183

We installed the CIMEL robotic sun photometer at KAUST Campus184

in 2012, as a part of the National Aeronautics and Space Administration185

(NASA) AErosol RObotic NETwork (AERONET, http://aeronet.gsfc.nasa.gov).186

The photometer measures direct sun and sky radiance at eight wavelengths187

(340, 380, 440, 500, 550, 670, 870, 940, and 1020 nm) every 15 min during188

daylight, providing AODs for all wave lengths and other inversion products189

(Dubovik and King, 2000). AERONET data are available from https://190

aeronet.gsfc.nasa.gov/cgi-bin/data_display_aod_v3?. In our study191

we used data from three AERONET stations which are located inside of our192

simulation domain: KAUST Campus, Mezaira, and SedeBoker (see Figure193

1).194
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Figure 1: Simulation domain. Shading shows dust source function S. Contours show
selected regions: 1 - The Red Sea, 0.46× 106 km2; 2 - Arabian Peninsula, 3.63× 106 km2;
3 - Arabian Gulf, 0.24 × 106 km2; 4 - Central Asia and Iran, 4.51 × 106 km2; 5 - East
Africa, 5.10×106 km2; 6 - South-East Europe, 3.37×106 km2; 7 - Arabian Sea, 2.09×106

km2. Blue stars show locations of Aeronet stations used in our analysis. The square area
depicts the simulation domain.

In order to estimate the temporal-spatial distribution of modeled AOD,195

we tested simulated AOD against satellite observations. The Moderate Reso-196

lution Imaging Spectroradiometer (MODIS) instrument is aboard the NASA197

EOS (Earth Observing System) Terra and Aqua satellites. MODIS provides198

AODs over the global continents and oceans with a high spatial resolution199

of 10 × 10 km2 (Remer et al., 2005; Abdou et al., 2005). An improved200

”deep-blue” retrieval algorithm has been developed to obtain aerosol optical201

thickness over bright land areas, such as most deserts (Levy et al., 2015).202

Passive dust deposition samplers were used to measure dust deposition203

at six sites along the shore of the Red Sea. The details of installation and204

geographical coordinates have been presented in (Shevchenko et al., 2021).205

The samplers collect settling dust in a sponge layer over a “frisbee plate”206

on a monthly basis. The dust is washed down from the frisbee and sponge207
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with distilled water. Further, the samples pass a lyophilisation process, are208

weighed, and then submitted for XRD analysis to obtain their mineralogical209

composition.210

MERRA-2 reanalysis (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2)211

provides meteorological and atmospheric composition fields on a 0.625◦×0.5◦212

latlon grid and 72 terrain-following hybrid σ-p model levels (Randles et al.,213

2017; Buchard et al., 2017). MERRA-2 atmospheric core based on Goddard214

Earth Observing System, version 5 (GEOS-5) model (Rienecker et al., 2008),215

is interactively coupled with the GOCART aerosol model (Chin et al., 2002,216

2000). MERRA-2 simulates dust, SS, SO2, SO4, OC and BC, O3, CO, and217

dimethyl sulfide (DMS). Anthropogenic emissions in MERRA-2 are based218

on the EDGAR-4.2 emission inventory (Janssens-Maenhout et al., 2013).219

MERRA-2 assimilates AERONET AODs and MODIS radiances (Randles220

et al., 2017).221

The Copernicus Atmosphere Monitoring Service (CAMS) provides op-222

erational daily analysis and forecast of AOD for five aerosol species using223

an online integrated module for aerosol and chemistry coupled to an Inte-224

grated Forecast System (IFS) (Bozzo et al., 2017). The aerosol model im-225

plemented in CAMS is based on the Laboratoire d’Optique Atmospherique226

(LMD) model (Boucher et al., 2002) and modified by the European Cen-227

ter for Medium Range Weather Forecast (ECMWF) (Morcrette et al., 2009).228

CAMS considers five types of tropospheric aerosols: sea salt (SS), dust (DU),229

organic matter (OM), black carbon (BC), and sulphate (SU).230

5. RESULTS231

The WRF-Chem model was tested in our previous studies (Ukhov et al.,232

2020a,b). Here we show the results for 2016 only. To demonstrate how233

the model reproduces the spatial patterns of AOD, we compared modeled234

AOD with reanalysis, satellite, and AERONET observations. We used the235

MODIS Dark blue AOD product as ground-truth to estimate spatial AOD236

distributions from WRF-Chem, CAMS, and MERRA-2. Table 2 summarizes237

the statistical scores for the annual and seasonal mean AODs with respect to238

MODIS. Although MERRA-2 and CAMS showed a slightly higher correlation239

with observations, WRF-Chem had the minimum RMSE and BIAS. Overall,240

WRF-Chem and both data-assimilation products show a good agreement241

with the MODIS AOD product. Table 3 compares how WRF-Chem, CAMS,242

and MERRA-2 reproduce the daily averaged AODs from AERONET sites243
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in three distant locations (see Figure 1): KAUST Campus, Mezaira and244

SedeBoker. MERRA-2 demonstrate the highest correlation coefficient (R =245

0.85), since it assimilates AERONET observations (Randles et al., 2017).246

The correlation coefficients for CAMS and WRF-Chem range from 0.43 to247

0.83.248

Table 2: Correlation coefficient (R), RMSE, and Bias of annual and seasonal mean AODs
for 2016 from CAMS, MERRA-2, and WRF-Chem with respect to MODIS observations.

CAMS MERRA-2 WRF-Chem
R RMSE bias R RMSE bias R RMSE bias

Winter (DJF) 0.59 0.08 0.02 0.57 0.09 -0.03 0.47 0.09 -0.01
Spring (MAM) 0.70 0.13 0.05 0.72 0.13 -0.05 0.66 0.12 -0.01
Summer (JJA) 0.70 0.15 0.07 0.74 0.13 -0.05 0.69 0.15 0.000
Autumn (SON) 0.56 0.11 0.03 0.60 0.11 -0.03 0.50 0.12 -0.02
Annual mean 0.65 0.12 0.04 0.66 0.12 -0.04 0.61 0.12 -0.01

Table 3: Correlation coefficient (R) and mean Bias of the 2016 daily mean AODs from
CAMS, MERRA-2, and WRF-Chem with respect to AERONET AOD observation.

CAMS MERRA-2 WRF-Chem
R bias R bias R bias

KAUST Campus 0.76 0.01 0.85 -0.05 0.74 -0.04
Mezaira 0.87 0.11 0.83 0.04 0.73 0.07
Sede Boker 0.83 0.07 0.72 0.02 0.43 -0.01

5.1. Radiative effects of coarse and fine dust249

5.1.1. AODs250

Despite recent advances, aerosol radiative forcing remains one of the251

largest uncertainties in future climate projections (Gliß et al., 2020). In252

dust source regions, like the Middle East, dust is particularly important as253

its radiative effect exceeds the effects of all other aerosols. In this paper, we254

started by evaluating the radiative effect of dust and non-dust aerosols and255

took a step forward, compared to a conventional approach, in the analysis256

of AODs and radiative forcing discriminating the effects of dust particles of257

different sizes to better understand the role of fine and coarse dust on the258

absorption and scattering of shorwave (SW) and longwave (LW) radiation.259
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Coarse and fine dust particles differ in mineralogical composition, optical260

properties, and their life time in the atmosphere, which controls how far261

from an emission source they can be transported by atmospheric airflow.262

In the GOCART microphysical model (Chin et al., 2000) that we em-263

ployed in our simulations, dust size distribution is approximated by 5 size264

bins (see Table 1). We calculated the contributions of each dust bin and non-265

dust aerosols in optical depth and radiative forcing using a double-call option266

in our version of WRF-Chem. Figure 2 shows the visible (0.6 µm) optical267

depth produced by each dust bin and the total dust AOD. The finest dust268

bin 1 (0.1-1 µm), which comprises a relatively small mass, produces more269

than 50% of AOD, and bins 2 and 3 (1-3 µm) add together about 45%. The270

contributions of bins 4 and 5, which comprise the most dust mass (Ukhov271

et al., 2020b), is less than 5%.272

Figure 3a shows the visible optical depth of non-dust aerosols that com-273

prises the effects of sea salt over marine areas, biomass burning BC/OC274

from Africa, and anthropogenic sulfate over the Eastern Red Sea, Arabian275

Gulf, and Yemeni coastal areas and Oman. The high air pollution over the276

Arabian Sea originates from India and comprises a mixture of BC, OC, and277

sulphates/nitrates. The non-dust AOD is minimal in the Arabian Peninsula278

interior.279

Our results showed stronger (especially over the land areas) dust contri-280

bution in AODs compared with Myhre et al. (2013), who found that over281

the Arabian Sea and in the southern part of the Red Sea, mineral dust con-282

tributes 34% in total AOD, 26% Sulfate - 25% sea salt - 9% organic carbon283

- 3%. However, the aerosol effects are spatially variable and their contribu-284

tions could vary. For example, we observed that dust produces more than285

80% of visible AOD in the interior regions of the Arabian Peninsula, where286

it is highly abundant.287

5.1.2. Aerosol Radiative Forcing288

Fig. 4 presents annual mean clear-sky direct instantaneous dust SW289

radiative forcing at the surface produced by each dust bin and total dust290

bins. The radiative fluxes were obtained by double calls of radiative routine291

with and without the corresponding dust component. The radiative transfer292

calculations were conducted on the same meteorological fields. The radiative293

forcing was obtained as the difference in net downward flux (SW↓ − SW↑)294

in the calls with and without the corresponding dust bin. The SW forcing295

is negative, as dust absorbs and scatters SW radiation reducing solar flux at296
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the surface. The finest three bins contribute almost all of the forcing. The297

contribution of coarse bins four and five is less than 8%. The total forcing298

reached 20 Wm−2 over the Southern Red Sea. This area experiences one of299

the largest climatological forcings in the world (Osipov and Stenchikov, 2018).300

We also observe that the dust continental outflow generates high radiative301

forcing over the southern coast of the Arabian Peninsula and Arabian Sea.302

Over land, the radiative forcing peakes in the dust generating areas including303

Rub’ al-Khali, the deserts in the Eastern Arabian Peninsula, and over the304

Red Sea coastal plain.305

Fig. 5 shows clear-sky direct instantaneous dust LW radiative forcing at306

the surface for each bin and total bins. The LW forcing was calculated in307

double radiation calls as the difference between LW downward flux with and308

without the corresponding dust component. Dust thermal radiation warms309

the surface and the magnitude of LW warming is twice as small in comparison310

with SW cooling. The largest effect is over land areas, caused predominantly311

by coarse dust, and the main contributors are from bins 2, 3, and 4.312

The instantaneous net (SW+ LW) forcing is shown in Fig. 6. This forcing313

defines the effect of dust on the regional climate. It reflects the pattern of314

the SW forcing and fine bins were revealed to be the major contributors.315

Averaged over the domain, the radiative cooling reaches 5 Wm−2, but over316

the southern Red Sea it exceeds 20 Wm−2.317

The non-dust aerosols are mostly represented by their SW radiative forc-318

ing (see Figure 3b), as their LW forcing in our area is much smaller. On319

average over the domain, the SW forcing of non-dust aerosols is twice as320

small in comparison with dust SW radiative forcing. It becomes more sig-321

nificant in cities and in the areas affected by industrial emissions of sulfur322

(i.e., east coast of the Red Sea and the Arabian Gulf), or BC/OC and sul-323

fate/nitrate transport from the remote polluted areas of India and South324

Asia (Arabian Sea).325

5.2. Dust Raising and Settling326

Dust could be generated almost everywhere over the Arabian Peninsula,327

as more than 80% of its territory has source function S higher than 0.05328

(see Figure 1). The source function reaches its maximum value of 0.45 at329

the eastern and south-eastern parts of the Arabian Peninsula. For the quasi-330

stationary conditions equation 1 could be reduced to the balance of emission,331

deposition, and trans-boundary fluxes:332
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E = D + T (3)

Fig. 7 shows the emitted, deposited, and transported (on monthly bases)333

dust mass integrated over the domain. Emission E is poorly constrained as334

few observations are available. In the global domain, the transport term T335

= 0 and deposition term D = E. It is not the case for a finite domain, but336

still the observed deposition could help reducing the error bars for E.337

In Fig. 7, the maximum spatially integrated dust emission rate of 78.70338

Mt mo−1 occurs in July, and the minimum of 40.37 Mt mo−1 is reached in339

October. The maximum dust emission in summer is due to higher turbu-340

lence in the atmospheric boundary layer, stronger surface winds, and extreme341

summer dryness. Dust deposition and cross-boundary transport are well cor-342

related with the dust emission within the domain. Fig. 7 shows that about343

30-40% of emitted dust is exported from the domain to neighboring areas.344

This is predominantly fine dust in the first three bins, as coarse dust in bins345

4-5 deposits quickly. The remaining 60-70% of emitted dust is deposited346

within the domain.347

The mean dust emission rate integrated over the dust emitting regions348

(i.e., Arabian Peninsula, Central Asia and Iran, and East Africa, excluding349

the seas) is shown in Figure 8. The size distribution of emitted dust is350

prescribed by factors sp in Eq. (2) and is the same for the entire domain.351

Thus, the majority of dust mass is emitted in bins 3 and 4. The finest352

sub-micron bin 1 produces only 10% of emitted dust.353

East Africa appears to be the largest dust source compared to other sub-354

regions, annually generating 288.3 Mt of dust or 42.4 % of the total dust355

emission mass. The Arabian Peninsula emits 255.3 Mt of dust per year,356

that comprises 37.6 % of the total emitted dust from the computational do-357

main. However, during May-August, the Arabian Peninsula emits more dust358

than other sub-regions within the domain because the northwesterly winds,359

Shamal, blowing over the Arabian Peninsula cause frequent dust outbreaks360

(Rashki et al., 2019; Yu et al., 2016; Patlakas et al., 2019). The remaining361

20% of dust is emitted to the atmosphere from Central Asia and Iran, with362

the maximum emission rate of 14.8 Mt mo−1 in July and minimum rate in363

February (8.1 Mt mo−1). The annual dust emission from the entire domain364

reaches 680 Mt, which is ≈ 40% of global annual dust emission.365
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5.2.1. Dust Deposition over the Arabian Peninsula366

Figure 9 shows the spatial distribution of dust deposition over the Arabian367

Peninsula for four seasons. The largest seasonally integrated deposition is in368

summer (41.9 Mt) and spring (37.1 Mt). The largest simulated deposition369

rates are observed in Oman, exceeding 10 g m−2 mo−1. The average dust370

deposition rate for the Arabian Peninsula is 2.1 g m−2 mo−1. Our model371

results are generally consistent with (Kok et al., 2021a,b).372

Figure 10 shows seasonal deposition rates averaged over the selected re-373

gions indicating contributions of different dust bins. In all seasons, approxi-374

mately 60% of the total deposited dust is produced by bin 4 (3-6 µm). The375

finest two bins that comprise particles smaller than 1.8 µm produce less than376

10% of annual deposition, which is less than the amount emitted in the region377

because small particles have a long lifetime and can be transported beyond378

the boundaries of the domain.379

Figure 11 shows the spatial distribution of the annual mean deposition380

over the Arabian Peninsula produced by different bins. Annually, 137.4 Mt381

of dust is deposited in the Arabian Peninsula, with bin 4 being a major382

contributor. Coarse particles in bins 4 and 5 deposit close to their origin383

resembling the spatial patterns of the source function S (see Fig. 1), whereas384

fine particles in bins 1 and 2 are deposited almost uniformly over the entire385

region.386

5.2.2. Dust Deposition on the Regional Seas387

Dust deposition plays a key role in the geo-chemical cycles in the oceans388

and seas (Fan et al., 2006; Martin, 1990; Sunda and Huntsman, 1997; Watson389

et al., 2000). The dust released into the ocean feeds marine ecosystems390

and increases their productivity. Dust deposition is particularly important391

in seas that have no perennial freshwater discharge, such as the Red Sea392

(Jish Prakash et al., 2015).393

Figure 12 shows the seasonal spatial distribution of dust deposits in the394

Red Sea. The areas with the maximum deposition rate (2-3 g m−2 mo−1)395

are located close to the coastline (10-20 km), due to their proximity to dust396

sources. Away from the coast, except during summer in the southern Red397

Sea, the rate of dust settling decreases. The mean sedimentation rate in398

the Red Sea is 1.5 g m−2 mo−1, while the maximum sedimentation rate of399

1.9 g m−2 mo−1 occurs in summer (JJA) (see Figure 12c), when the North400

African monsoonal circulation transports dust from Africa’s Bodele Depres-401

sion through the Tokar Mountain Gap. The Northerly winds push the dust402
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to the southern Red Sea where it is trapped by high coastal mountain ranges,403

so that AOD reaches 1 in Summer (Osipov et al., 2021). The minimum dust404

deposition rate is in Winter (DJF), when it decreases to 1.2 g m−2 mo−1.405

The annual average dust deposition rate in the Red Sea for the individual,406

and total, bins is shown in Figure 13. The total annual dust deposition in407

the Red Sea is 8.2 Mt that predominantly comprises coarse dust particles408

(bins 3, 4, and 5). The deposition rate of coarse particles is 3-4 times smaller409

in the center of the Sea compared to the near-shore areas. The fine particles,410

bins 1 and 2, contribute 13% of deposited mass that is uniformly distributed411

over the Red Sea area. The total deposition rate varies from 3 g m−2 mo−1
412

near the coasts to 0.5 g m−2 mo−1 in the Central Red Sea.413

The seasonal spatial deposition rate over the Arabian Gulf is shown in414

Figure 14. Maximum deposition is observed in Summer (JJA - Figure 14c)415

reaching 2.3 Mt, and this is redcued to a minimum of 1.0 Mt in winter (DJF416

- Figure 14a). The maximum dust deposition rates, similar to the Red Sea,417

are along the coastlines in the vicinity of the primary dust sources. Most of418

the dust deposited in the Arabian Gulf is from the Eastern Arabian Penin-419

sula, Iraq, Omani coast, and western part of Iran. In addition, the Somali420

jet associated with the southwest monsoon transports dust from Somalia’s421

deserts to the Arabian Sea (Tindale and Pease, 1999).422

Figure 15 shows the spatial distribution of annual dust deposition con-423

tributed by the different, and total, dust bins. The annual dust deposi-424

tion to the Arabian Gulf is 6.2 (Mt), and the deposition rate varies from425

4 g m−2 mo−1 in the north-western and western coastal areas to 1.2 -.3426

g m−2 mo−1 in the Central Arabian Gulf. This deposition rate is about 25%427

higher than in the Red Sea. Similarly to the Red Sea, the coarse dust parti-428

cles in bins 3, 4 and 5 contribute 87% to the dust deposition, and the finest429

bins 1 and 2 contribute only 13%.430

Annual deposition over the Arabian Sea within our computational domain431

is about 3-4 Mt with an average rate of 1.6 g m−2 mo−1. However, in summer432

there are areas with a dust deposition rate above 8 g m−2 mo−1 located in433

the northwestern Arabian Sea and along its northern coastline caused by the434

seasonal intensification of local north-westerly winds and Indian Monsoon435

circulation.436

Summarizing, the simulated dust deposition rate over the local seas is two437

to three times lower than over the land dust source regions. The contributions438

of the dust fine bins to deposition are generally much smaller than those of439

the coarse bins. However, the contribution of the fine bins to dust deposition440
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is twice as large over the seas compared to the land areas, as coarse dust441

particles deposit too quickly to reach the interiors of the regional seas.442

5.3. Comparison of Dust Deposition Simulated in Models and Reanalysis443

In this section we compare the dust deposition simulated in WRF-Chem,444

MERRA-2, and CAMS. MERRA-2 and CAMS do not assimilate dust depo-445

sition observations, so their deposition is based on their physical parameter-446

izations, as in free-running WRF-Chem.447

Figures 10 and 16 show the deposition rates calculated in WRF-Chem,448

MERRA-2, and CAMS, averaged over the selected regions. They also show449

the partitioning of dust deposition for each size bin. All three models are450

tuned to produce observed AODs. WRF-Chem and MERRA-2 use the same451

dust emission and aerosol microphysics model (GOCART), but CAMS uses452

a different dust emission scheme which approximates dust size distribution453

differently to WRF-Chem and MERRA-2.454

The total dust (all bins pooled) deposition rates calculated in all three455

models were consistent between each other, although CAMS showed smaller456

values. All models exhibited the highest deposition rate over the Arabian457

Peninsula and East Africa with a lower deposition rate over the water bodies.458

The differences between the models are primarily because CAMS generates459

much finer dust particles, and therefore exhibits different contributions of460

coarse and fine dust in the deposition rates compared to WRF-Chem and461

MERRA-2. In CAMS, about 90% of deposited dust mass is contributed by462

particles with radii smaller than 0.55 µm. Particles in the size range of 1.8-3.0463

µm contribute about 8% of deposited mass, while coarser particles (0.9-5.0464

µm) contribute only 1-2% of deposited mass. Conversely, in MERRA-2 the465

coarsest bins (bins 4 and 5) contribute about 70%, and the finest bin (bin 1)466

contributes only 3-5% (see Figure 16c). The differences in dust size distribu-467

tion and parameterization of the deposition processes affect dust life time in468

the atmosphere and its ability to be transported large distances. For exam-469

ple, in summer the dust deposition rates over the Red Sea in WRF-Chem,470

MERRA-2, and CAMS are 1.9, 2.8, and 0.6 g m−2 mo−1. The deposition471

rate of CAMS is the smallest because fine dust, which prevails in CAMS, can472

be transported over the narrow Red Sea.473

5.4. Reconciling Dust Deposition in Observations, Models, and Reanalysis474

The simulated (in WRF-Chem, MERRA-2, and CAMS) and observed475

monthly dust deposition rates at the KAUST site for the entire period of 2016476
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are shown in Figure 17a. There is a striking difference between the observed477

and simulated deposition rates: the observed deposition rates are 2-3 times478

higher than the simulated rates. We discussed this issue in (Engelbrecht479

et al., 2017; Shevchenko et al., 2021); the discrepancy occurs because we480

collect the total suspended particulate (TSP) matter in deposition samplers.481

The TSP comprises particles with radii up to 100 µm, but in the models we482

consider only particles with radii < 10 µm. This is sufficient to account for483

the dust radiative feedback, because, as we discussed, the radiative effect of484

particles larger than 10 µm is relatively small. However, large particles play485

a major role in TSP deposition rate.486

Thus, the dust mass collected in samplers cannot be directly compared487

with the model outputs. To make a meaningful comparison, we conducted488

particle size analysis (PAS) on all samples. We used two different PAS meth-489

ods. In the first method, the samples were sieved to r < 55 µm and sub-490

sequently the size distribution was counted using electron-microscopy. In491

the second method, we used a Malvern Mastersize 3000 laser particle size492

analyzer (Shevchenko et al., 2021).493

Figure 18a shows the 2016 annual average volume size distribution of494

deposited mass. The cumulative curve (blue line) shows that particles with495

a radius less than 10 µm fill only 42.5% of total volume (Shevchenko et al.,496

2021). Thus, models and observations could be fairly tested if we consider497

the deposition of particles in the same size range. Figure 17b compares the498

observed and simulated (in WRF-Chem, MERRA-2, and CAMS) deposition499

rates of the same dust size fraction with diameter < 10 µm. In air quality500

analysis, this aerosol size fraction is called PM10. PM10 deposition from the501

models is close to the PM10 fraction of the observed deposition rates.502

Table 4 summarizes the results of the comparison of WRF-Chem, MERRA-503

2 and CAMS deposition rates with observations for 2016. The main statis-504

tical scores calculated for 2016 using monthly data are shown: correlation505

coefficient (R), root mean square error (RMSE), and Bias with respect to506

observations. For WRF-Chem R=0.57, while for MERRA-2 and CAMS507

R=0.24 and 0.42, respectively. The WRF-Chem annual bias is very close508

to the instrumental error (-0.02 g m−2 mo−1). However, the RMSE is 0.6-0.7509

g m−2 mo−1.510

Figure 18b shows the annual mean normalized volume size distribution of511

emitted and deposited dust, as well as dust suspended in the atmosphere. In512

comparison with atmospheric dust emissions, a larger fraction of fine particles513

in the finer bins 1, 2, and 3 are found in emissions, but deposited dust has514
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a larger fraction of the coarsest bins 4 and 5. This is because coarse dust515

deposits quickly, while finer particles remain in the atmosphere.516

Summarizing, we conclude that the model and reanalysis products likely517

underestimate the deposition rates of particulate matter from the atmosphere518

by 2-3 times. However, the models reliably describe the deposition of the519

dust fraction that is approximated by the model’s microphysical parameter-520

izations. From our mineralogical analysis (Shevchenko et al., 2021), this size521

fraction (r < 10 µm) comprises all clay minerals, such as kaolinite, feldspars,522

and other layered silicates. The larger particles comprise mostly quartz.523

Table 4: Statistical scores (R, RMSE, and Bias) of simulated dust deposition rate with
respect to observations calculated for 2016

R RMSE Bias
WRF-Chem 0.57 0.62 -0.02
MERRA-2 0.24 0.77 -0.19
CAMS 0.42 0.74 0.14

5.5. Impact of Coarse and Fine Dust on Solar Devices524

The impact of dust and other aerosols on solar devices are twofold. First,525

aerosols attenuate incoming solar radiation reducing the incoming solar en-526

ergy. Second, dust and other aerosols deposit on the optically active surfaces527

of solar devices, thus decreasing their efficiency. Our analysis shows that fine528

dust particles produce the most radiative effect, but coarse dust comprises529

the majority of deposited mass.530

Figure 19 demonstrates the effect of different dust bins on the downward531

solar flux at the surface. The average change of solar radiation over the532

domain is -10.67 W m−2, but locally it reaches 40 W m−2. The finest three533

bins produce 88% of this effect. Accounting for dust particles with r > 10534

µm would not improve this estimate significantly.535

On the other hand, the dust mass deposition rate is caused by particles536

from the coarse bins. Because the models consider only dust particles with537

radii < 10 µm, they underestimate the deposited mass. This effect is more538

severe over land and is weaker over seas, as coarse dust particles cannot reach539

the interior of the seas. Thus depositions from the models and reanalysis540

products have to be corrected by 2-3 times to make them comparable with541

observations.542
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Fine and coarse dust particles have a different life time in the atmosphere.543

Fine particles could be transported large distances and may originate from544

very distant dust sources. Conversely, large particles, especially those with545

(or close to) 100 µm radii, cannot be transported very far, and originate from546

the close vicinity of the sampling instrument. These particles have negligible547

radiative effect, and are likely transported in the near-surface layer and have548

a very short lifetime.549

This suggests that to mitigate the effect of large particles on solar devices550

it might be beneficial to reduce their generation in the close vicinity of the551

region of interest. A possible method may be to treat the sand surface552

within a 100-200 m belt around the solar device installations, which should553

significantly decrease the deposition of large dust particles within the treated554

area.555

6. Conclusions556

In this study we focused on dust deposition and radiative effects to further557

constrain the dust life cycle. We compared simulated dust deposition with558

observations collected on the Red Sea coast using passive dust deposition559

samplers (Shevchenko et al., 2021). We specifically quantified how deposition560

and radiative effect of dust depends on its size distribution. We evaluated561

the dust radiative effect and deposition rates for 2016 using the free-running562

WRF-Chem, MERRA2 and CAMS data-assimilation products, as well as563

satellite and ground based observations.564

In desert regions, like the Middle East, dust is an important climate565

factor as it significantly attenuates solar radiation at the surface and heats the566

atmospheric column (Osipov et al., 2015). We found that the diurnal average567

reduction of downward SW flux exceeds 10%. Solar cooling regionally reaches568

30 W m−2. LW warming compensates for SW cooling, so that net radiative569

forcing is reduced to 20 W m−2 regionally. Dust emission, deposition, and570

AOD are well correlated.571

Non-dust aerosols contribute less than 20% to AOD and aerosol radiative572

effect over land, but could contribute > 30% in solar flux reduction in cities573

and areas affected by sulfur emissions and sea salt intrusions. Over the Red574

Sea and its populated east coast we see even stronger fractional contribution575

of non-dust aerosols because of emissions from petrochemical industry, power576

stations, desalination facilities, ships, and reduction of dust AODs over the577

sea.578
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Fine dust particles with radii r < 1.8 µm produce 85% of the net clear-sky579

radiative forcing, while the contribution of the two coarsest bins comprising580

particles with 3 µm < r < 10 µm is about 0.1%. Thus, the free running WRF-581

Chem and core models employed in MERRA-2 and CAMS data assimilation,582

which account for dust particles with r < 10 µm, could calculate the radiative583

effect of dust quite accurately.584

Conversely, we observed that most of the deposited mass was contributed585

by particles larger than 10 µm, that are not accounted for in the most of586

up-to-date models. This is not detrimental for calculating dust radiative587

feedbacks as the radiative effect of coarse particles is small. In fact, this is588

the reason it is difficult to detect coarse particles in the retrieval of optical589

observations from AERONET. However, coarse dust contributes the major-590

ity of mass in dust deposition. Thus, the simulated deposition rates severely591

underestimate the observed TSP deposition, but could correctly reproduce592

the deposition rate of dust particles of the restricted size, e.g., PM10. There-593

fore the deposition rates simulated in WRF-Chem, MERRA-2, and CAMS594

are 2-3 times smaller than the observed TSP deposition rate. This model595

drawback is less misleading in calculating dust deposition into the seas, as596

most of the coarse dust fraction deposits within the narrow coastal area. Re-597

garding the chemical and biological effect of dust deposited in the seas, the598

fine dust fraction is comprised of various clay minerals, whereas the coarse599

dust fraction, underestimated by the models, is comprised mostly of quartz600

that is biologically and chemically inactive.601

Size distribution is a crucial factor that controls dust deposition and its602

ability to be transported large distances. In WRF-Chem and MERRA-2,603

more than 50% of the deposited dust mass is within the range of 3.0-6.0604

µm, while in CAMS > 90% of deposited mass is in the range of 0.03-0.55605

µm. As a result, in CAMS dust could be transported much further from the606

source regions. For example, although we see that WRF-Chem, MERRA-2,607

and CAMS produce comparable dust deposition rates over the land areas,608

deposition to the regional seas in CAMS are much smaller compared to those609

of WRF-Chem and MERRA-2. This is because fine particles in CAMS could610

easily overpass the narrow regional seas.611

Dust significantly affects the functioning of solar devices by reducing the612

downward solar flux by an average of about 10% over the entire solar spec-613

trum. This effect on PV panels is stronger than on, for example, solar energy614

condensers, as UV radiation is more important for their efficacy but it is at-615

tenuated more severely by dust that has a stronger absorption in UV than616
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in visible and near IR wave lengths. Furthermore, PV panels are heated by617

downward LW radiation generated by a dust layer in the atmosphere, which618

in turn decreases their efficacy. Dust deposition on solar devices is another619

factor that affects their functionality. This effect is clearly stronger in the620

eastern parts of the Arabian Peninsula compared with the west coast.621

Accounting for coarse dust in model simulations and data assimilation622

would overall improve the description of the dust balance and impact of dust623

on environmental systems and solar devices.624
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Figure 2: WRF-Chem 2016 annual mean visible AOD at 0.55 µm caused by individual,
and total, dust bins: a) Bin 1, b) Bin 2, c)Bin 3, d) Bin 4, e) Bin 5, f) all Bins.
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Figure 3: a) Annual mean AOD and b) SW clear-sky radiative forcing of non-dust aerosols
(W m−2) calculated in WRF-Chem for 2016.
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Figure 4: WRF-Chem 2016 annual mean clear-sky SW radiative forcing (W m−2) at
surface level caused by individual, and total, dust bins: a) Bin 1, b) Bin 2, c)Bin 3, d) Bin
4, e) Bin 5, f) all Bins.
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Figure 5: WRF-Chem 2016 annual mean clear-sky LW radiative forcing (Wm−2) at surface
level caused by individual, and total, dust bins: a) Bin 1, b) Bin 2, c)Bin 3, d) Bin 4, e)
Bin 5, f) all Bins.
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Figure 6: WRF-Chem 2016 annual mean clear-sky net (SW+LW) radiative forcing
(W m−2) at surface level caused by individual, and total, dust bins: a) Bin 1, b) Bin
2, c)Bin 3, d) Bin 4, e) Bin 5, f) all Bins.
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Figure 7: Monthly dust deposition, emission, and transport through the domain bound-
aries (Mt mo−1) calculated in WRF-Chem for 2016 and integrated over the domain.

Figure 8: WRF-Chem seasonal mean dust emissions (Mt mo−1) for four seasons integrated
over the selected sub-regions 1) Arabian Peninsula (light brown); 2) Central Asia and Iran
(red); 3) East Africa (violet); 4) South-East Europe (Dark Brown, not visible).
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Figure 9: WRF-Chem seasonal mean dust deposition rate over the Arabian Peninsula,
g m−2 mo−1 a) Bin 1, 0 - 1.0 µm; b) Bin 2, 1.0 - 1.8 µm; c) Bin 3, 1.8 - 3.0 µm; d) Bin 4,
3.0 - 6.0 µm; e) Bin 5, 6.0 - 10.0 µm; f) All Bins (0 - 10.0) µm. The spatially integrated
mass of deposited dust in each panel is shown at the bottom.
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Figure 10: Seasonal mean dust deposition rate (g m−2 mo−1) in the seven selected regions
calculated in WRF-Chem for 2016. From bottom to top, the color grading shows the
contribution of individual dust bins from 1 to 5 (see Table 1).
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Figure 11: Annual mean WRF-Chem dust deposition rate in the Arabian Peninsula
(g m−2 mo−1) caused by the individual, and total, bins. a) Bin 1: 0 - 1.0 µm; b) Bin 2:
1.0 - 1.8 µm; c) Bin 3: 1.8 - 3.0 µm; d) Bin 4: 3.0 - 6.0 µm; e) Bin 5: 6.0 - 10.0 µm; f)
All Bins (0 - 10.0) µm. The spatially integrated mass of deposited dust in each panel is
shown at the bottom.
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.

Figure 12: Seasonal mean dust deposition rate in the Red Sea (g m−2 mo−1). a) DJF, b)
MAM, c) JJA, d) SON. The spatially integrated mass of deposited dust in each panel is
shown at the bottom.
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Figure 13: Annual mean dust deposition rate in the Red Sea (g m−2 mo−1) caused by
the individual dust bins. a) 0 - 1.0 µm; b) 1.0 - 1.8 µm; c) 1.8 - 3.0 µm; d) 3.0 - 6.0 µm;
e) 6.0 - 10.0 µm; f) All Bins µm. The spatially integrated mass of deposited dust in each
panel is shown at the bottom.
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Figure 14: Seasonal mean dust deposition rate in the Arabian Gulf (g m−2 mo−1). a)
DJF, b) MAM, c) JJA, d) SON. The spatially integrated mass of deposited dust in each
panel is shown at the bottom.
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Figure 15: Seasonal mean dust deposition rate in the Arabian Gulf (g m−2 mo−1) caused
by different dust bins. a) 0 - 1.0 µm; b) 1.0 - 1.8 µm; c) 1.8 - 3.0 µm; d) 3.0 - 6.0 µm;
e) 6.0 - 10.0 µm; f) All Bins µm. The spatially integrated mass of deposited dust in each
panel is shown at the bottom.
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Figure 16: Seasonal mean dust deposition rate (g m−2 mo−1) in the seven selected regions
for four seasons. From bottom to top, color grading shows the contribution of the each
bin. a) WRF-Chem; Bin 1: 0 - 1.0 µm, Bin 2: 1.0 - 1.8 µm, Bin 3: 1.8 - 3.0 µm, Bin 4:
3.8 - 6.0 µm, Bin 5: 6.0 -10 µm. b) MERRA-2; Bin 1: 0 - 1.0 µm, Bin 2: 1.0 - 1.8 µm,
Bin 3: 1.8 - 3.0 µm, Bin 4: 3.8 - 6.0 µm, Bin 5: 6.0 -10 µm. c) CAMS; Bin 1: 0.03 - 0.55
µm, Bin 2: 0.55 - 0.9 µm, Bin 3: 0.9 - 20.0 µm.
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Figure 17: Monthly dust deposition rate (g m−2mo−1) averaged for six KAUST deposition
dust sampler sites and calculated in WRF-Chem (blue), MERRA-2 (green), and CAMS
(red) at the same location for 2016. a) Observed TSP deposition rate and total calculated
deposition from the models and reanalysis for the entire range of simulated particle sizes.
b) PM10 deposition rate for observations and the models. Dashed lines show annual mean
values for corresponding observations.
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Figure 18: a) Annually averaged volume and cumulative-volume size distribution of de-
posited dust as measured at KAUST Campus for 2016. b) Annual mean normalized volume
size distribution of deposited (blue), emitted (green), and suspended (orange) dust.
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Figure 19: WRF-Chem 2016 annual mean reduction of the clear-sky SW downward flux
(W m−2) at surface level caused by individual, and total, dust bins. a) Bin 1, b) Bin 2,
c) Bin 3, d) Bin 4, e) Bin 5, f) all Bins.
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