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ABSTRACT: The present study simulates the frontal dust storm by means of WRF-
Chem model and AFWA emission scheme between April 23 and 24, 2019. It then applies 
reanalysis data (ERA5) to analyze this case from a synoptic perspective. The simulation 
results show that the model have been accurately characterized first by the onset of dust 
from the south-east of the country in Kerman Province and then via its transmission to 
large areas of the east and south-east. The model output also fits well with satellite 
images. A quantitative comparison of PM10 concentration of the model with actual values 
shows that the PM10 model estimates are larger than actual values, though it predicts the 
trend of concentration changes well. Examining the synoptic maps, the isobars’ curve, 
wind direction change, and temperature advection in the area reveals the presence of 
atmospheric fronts within a strong dynamic low-pressure system. This causes high 
temperature and pressure gradients, in turn speeding up the wind within the region. 
Results from the synoptic analysis show that by passing the frontal system and behind the 
cold front, a dust mass is formed, which gradually spreads in eastern and the southeastern 
regions of Iran. In this case, extreme pressure gradient, cold front passage, low-level jet, 
wind gust on dry areas of dry Hamoon wetland, and cold air advection over flat area of 
the Lut Desert are important factors in storm formation and emission, east of the country. 
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INTRODUCTION

 

One of the most abundant airborne 

particles in the Earth's atmosphere is dust. 

On a global scale, suspended dust in the 

Earth's atmosphere is mainly of natural 

origin (Tegen et al., 2004). In recent years, 

however, occurrence of widespread and 

long-term droughts in Western Asia and 

Middle East, along with the construction of 

dams in some countries, has increased the 

frequency and severity of dust storms. The 
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eastern and southeastern parts of Iran are 

not safe from this phenomenon, which in 

some cases affects all social and economic 

activities in the region. In addition to 

natural factors, human factor, being the 

main cause of climate change today, has 

also played a significant role in increasing 

the concentration of suspended dust in the 

atmosphere by changing the surface cover 

(Prospero et al., 2002). Reflecting and 

absorbing sunlight, dust particles directly 

influence climate change (Tanaka & Chiba, 
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2006). They can also indirectly affect the 

climate through changes in the appearance 

of clouds and convective activity (Goudie, 

2009). Rising dust is a direct consequence 

of the shear force applied to the earth's 

surface through air flow, the wind. 

However, it is necessary to pay attention to 

the fact that the type of soil, its moisture, 

and surface cover are effective in how this 

force affects the process of dust formation. 

For instance, erosion is more severe in arid 

and semi-arid areas with slight vegetation. 

Responsible for 50% of dust storms in 

the world, North Africa is the main source 

of this phenomenon (De Longueville et al., 

2010). The Arabian Peninsula comes 

second in this regard. Due to vast deserts 

such as the deserts of the Arabian Peninsula, 

Mesopotamia (the area between Tigris and 

Euphrates Rivers), the central deserts of Iran 

as well as Sistan and Baluchestan Region, 

and the Qaraqum Desert in Turkmenistan, 

the Middle East, North Africa, and Central 

Asia are very potential for occurrence of 

dust storms (Rezazadeh, 2013). Sistan 

region is one of the most active centers of 

dust in West Asia (Rashki et al., 2012). 

Although the areas in which dust is formed 

are usually arid, semi-arid, and non-

vegetated as well as alluvial with fine-

grained sediments (Prospero et al., 2002), 

atmospheric suspended dust could move via 

atmospheric circulation to areas far beyond 

its original source of production (Ginoux et 

al., 2001). 

Another study showed that the low-level 

north-south jet over Afghanistan borderline 

had a maximum altitude of 300 to 500 

meters, with its strongest peak happening 

in June at a monthly average equal to 20 

meters per second. It spread across the 

border, its presence being essential for 

emission of dust in this region. Strong 

ground winds with this low-level jet 

contribute to dust emission from the Sistan 

Plain as well as its long-distance transfer 

(Alizadeh et al., 2014). 

Dust storms of April 23 and 24, 2019 in 

the east and southeast of the country was one 

of the most widespread dust storms to hit a 

large part of the country from southwest to 

southeast. They disrupted land and air traffic 

in both Kerman and Sistan and Baluchestan 

Provinces. Given the ongoing socio-

economic development programs in the 

southeastern region of the country and the 

strategic importance of those programs, it is 

of particular importance to recognize natural 

phenomena with the potentials to disrupt 

socio-economic activities in this region. The 

present study is, thus, important as it 

considers the numerous dust storms in Sistan 

and Baluchestan Region, in the east of the 

country. It tries to investigate the 

atmospheric conditions prevailing in frontal 

dust storms in the east of the country, which 

though not very frequent, could have many 

atmospheric hazards when appearing along 

with the rain. 

MATERIAL AND METHODS 
In order to investigate the synoptic pattern 

of dust storms in the east and southeast of 

Iran, using ECMWF (ERA5) reanalysis 

data, the study analyzes sea level pressure, 

geopotential height, wind, temperature, and 

relative vorticity both at 850 hPa and 500 

hPa levels. Related maps are drawn for the 

peak of the storm time between 23 and 24 

April, 2019. The first study, it has 

considered, is the model of Westphal who 

presented a practical simulation of soil 

storms and used a numerical model of 

multidimensional dust transfer with 

complete physics, while taking the particle 

size into account (Westphal et al., 1987; 

1988). Due to the importance of the dust 

phenomenon and its prediction, many 

operational and research models by 

different people have been provided 

(Zakey et al., 2006; Colarco et al., 2009). 

In general, three phases of emission, 

transfer, and deposition are considered for 

the dust phenomenon. One of the important 

factors for simulation and prediction of dust 

concentration in the atmosphere is the 
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amount of vertical flux of dust from the 

surface. For this purpose, many schemas 

have been developed, each utilizing different 

meteorological quantities and land surface 

data with different relations to calculate the 

amount of this flux at network points. Here, 

in order to simulate the mentioned dust storm 

in the southeast region numerically, the latest 

version of the coupled model of Numerical 

Weather-Atmospheric Prediction-Chemistry 

(WRF_Chem) has been used. The initial and 

lateral boundary conditions for the 

meteorological fields are obtained from the 

global forecast system (GFS) data with 

0.5
°
 spatial resolution, available at National 

Operational Model Archive & Distribution 

System (http://nomads.ncdc. noaa.gov/).  

WRF_Chem is able to model atmospheric 

chemistry (related to physical meteorology 

and air pollution), thus it can be used to 

simulate and predict the concentration of 

particulate matter in the atmosphere due to 

natural mechanisms, human activities 

(pollutants), and dust in different sizes as 

well as the way they were transferred and 

deposited (Grell et al., 2005 and 2011). The 

model is implemented with two nesting 

domains with horizontal resolutions of 15 

and 5 km. Since the dust particle sizes in the 

east and southeast are relatively large, the 

AFWA dust emission scheme has been used 

in the model to simulate emissions (Kargar et 

al., 2016). Table 1 shows the other physical 

schemas, used to implement the model. 

Output maps of the model were drawn for 

the second domain. Finally, their accuracy 

for dust emission was verified by RGB 

satellite images. Also, the output of 

PM10 concentration of WRF-Chem model 

was compared and evaluated with 

PM10 measurement data of Zabol 

Meteorological Center. 

Table 1. WRF-Chem physics and chemistry parameterization 

Parameterization Scheme Namelist variable Option 

Cumulus Grell 3D cu_physics 5 

Surface model Noh Land Surface Model (Noh et al., 2003) sf_surface_physics 2 

Surface layer Monin-Obukhov (Janjic Eta) sf_sfclay_physics 2 

Boundary layer MYNN 2.5 (Nakanishi and Niino, 2006) bl_pbl_physics 5 

Radiation (SW and LW) RRTMG (Iacono et al., 2008) ra_sw(lw)_physics 4 

Microphysics Thompson (Thompson et al., 2008) mp_physics 8 

Chemistry RADM2 chem_opt 2 

Emissions AFWA dust_opt 3 

Aerosol optics Maxwell approximation aer_op_opt 2  
    

The AFWA scheme is based on a 

modified version of MB95 saltation-based 

dust emission function. In the AFWA 

scheme, dust emission is performed as a 

two-part process, in which large particle 

saltation is initiated by wind shear and leads 

to fine particle emissions by bombardment. 

The scheme is based on the frictional 

velocity of u*, the frictional velocity of the 

static threshold required for the particle 

entrainment (u*t), the horizontal saltation 

flux, the resultant bulk vertical dust flux, the 

particle size distribution of the emitted dust 

particles, and the size-resolved emitted dust 

flux. Like GOCART scheme, particles are 

divided into a predetermined number of bins 

based on their effective size. The AFWA 

scheme uses an independent series of bins 

for processes based on saltation and emitted 

dust, representing dust emissions better 

through saltation bombardment and particle 

disaggregation (and saving the resources 

that would have been required to compute 

advection of saltation particles, which are 

generally too large for significant long-

distance advection) (LeGrand et al., 2019). 

Tables 2 and 3 present the characteristics, 

related to nine saltation size bins and five 

dust size bins in versions 3.8.1 of WRF-

Chem, respectively. 

System%20(http:/nomads.ncdc.%20noaa.gov/).
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It is assumed that all clay particles have 

a density of 2.5 g/cm
3
 and all non-clay 

particles, a density of 2.65 g/cm
3
, i.e. the 

density of quartz particles. Finally, the 

effective diameters, used in the following 

equations, are assumed to be in centimeter, 

and for the saltation and dust size bins, 

they are denoted by the symbols Ds,p and 

Dd,p respectively. 

Table 2. Saltation particle size bins and their related characteristics, which are in micrometers here, while 

being in centimeters in the model (Lee Grand et al., 2019) 

Saltation size bin 
(p) 

Effective diameter 

(Ds,p) 

(µm) 

Soil separate 

class 

Soil separate class 

mass fraction 

(sfrac) 

Particle density 

(ρp) 

(g/cm
3
) 

1 1.42 Clay 1 2.50 

2 2.74 Silt 0.2 2.65 

3 5.26 Silt 0.2 2.65 

4 10 Silt 0.2 2.65 

5 19 Silt 0.2 2.65 

6 36.2 Silt 0.2 2.65 

7 69 Sand 0.333 2.65 

8 131 Sand 0.333 2.65 

9 250 Sand 0.333 2.65 

Table 3. Dust particle size bins and their related characteristics, which are in micrometers here, while 

being in centimeters in the model (Lee Grand et al., 2019). 

Dust size bin 

(p) 
Lower bound 

diameter (µm) 

Upper bound 

diameter (µm) 

Effective diameter 

(Dd,p)(µm) 

Particle density 

(ρp)(g/cm
3
) 

1 0.2 2 1.46 2.50 

2 2 3.6 2.8 2.65 

3 3.6 6 4.8 2.65 

4 6 12 9 2.65 

5 12 20 16 2.65 

 

The saltation flux is used to calculate 

dust emission. First, particle-size-

dependent saltation fluxes (H (Ds,p); g/cm 

s) are calculated following Kawamura 

(1951): 
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Where Cmb is an empirical proportionality 

constant set to 1.0. The H (Ds,p) values are 

then integrated over particle sizes to obtain 

the total stream-wise horizontal saltation 

flux (G). Estimated contributions of each 

saltation size bin to total saltation flux (G) 

depend on the surficial coverage of particles 

in each saltation particle size bin as a 

fraction of the total surface area of the soil 

bed. As with common land surface 

modelling practices (e.g., Mitchell, 2005; 

W. Wang et al., 2017), the AFWA 

scheme assumes that all particles 

comprising the soil column belong to one of 

three US Department of Agriculture 

(USDA) defined soil separate categories, 

based on particle size: sand (50 to 2000 

µm), silt (2 to 50 µm), or clay (≤ 2 µm). 

Instead of the fixed soil separate fractions, 

used in the GOCART-WRF scheme, the 

makeup of the soil in the AFWA scheme is 

set using the soil particle size information 

for the surface layer of soil (0–30 cm) 

originally derived from the global FAO-

SMW soil dataset by Reynolds et al. (2000). 

In order to study the pattern, governing 

the frontal storms, the maps were drawn at 

the time of the storm. Figure 1a illustrates 

the pattern of sea level pressure on April 

23, 2019. According to this figure, there is 

a low-pressure system with a central 
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pressure of less than 997.5 hPa in eastern 

part of Iran. One of the troughs of this low 

pressure has been extended to the southeast 

of Iran, while the other have spread to the 

northwest and northeast of Iran. In this 

figure, a high-pressure system with a 

central pressure greater than 1027.25 hPa is 

located on the north side of the Black Sea. 

With the expansion of the high pressure 

of the northern Caspian Sea and its 

tongue’s penetration into the northern strip, 

a strong pressure gradient has been created, 

especially at the center of Iran. 

Calculations showed that for every 10 

degrees of latitude, 12 hPa of pressure 

dropped in the eastern and southeastern 

regions of Iran. Along with this dynamic 

low pressure, cold, hot and closed fronts 

got created. Figure 1b shows the sea level 

pressure for the 24
th

 day of April.  High 

pressure, while getting stronger, had more 

influence on Iran, causing the east to move 

towards low pressure and its establishment 

in Afghanistan. 

This trend continued in the following 

hours, leading to the formation of high 

pressure with a closed center of more than 

1027.25 hPa on the northern part of Iran, 

and the front related to this system passing 

through eastern Iran. 

a b 

Fig.1. Sea level pressure (hPa), a: 12UTC, 23, b: 12 UTC 12, 24April 2019 

 

a 

 

b 

Fig. 2. Geopotential height pattern, wind in meters per second, and temperature in degrees Celsius at 850 

hPa, a: 12 UTC, 23 April, b: 12 UTC, 24 April, 2019 
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Figure 2a shows the geopotential height, 

temperature, and wind level of 850 hPa on 

April 23. According to sea level pressure 

forms, the cyclone center was located in 

eastern Iran with a closed center of less 

than 1400 geopotential meters. The 

anticyclone center was also formed over 

the Black Sea. In this figure, the significant 

change in wind direction and temperature 

gradient (around latitude 32 degrees) 

indicates the frontal zone. On April 24 

(Figure 2b), the low moved east. The 

anticyclone intensified, causing more 

penetration into northern Iran. 

West and northwest winds on the central 

areas, especially Yazd, behind the cold 

front caused the formation of post-frontal 

dust and southeast winds in Kerman, South 

Khorasan, and Sistan and Baluchestan, in 

turn leading to the formation of frontal dust 

(Figures 2a and 2b). As the cold front 

entered, rainfall was reported in several 

stations of Kerman (Lalehzar 30 mm), 

South Khorasan (Birjand 5 mm), Sistan 

and Baluchestan (Zahak 4 mm), and Yazd 

(Sabzdasht 7 mm) Provinces. Figure 3 

demonstrates the total rainfall of stations in 

each province from April 22 to April 25. 

 

Fig. 3. Total rainfall (mm) of each province from of April 22 to April 25, 2019 

Figures 5a and 5b show the vertical 

profile of the horizontal wind and the 

meridional component of the wind from 

the earth's surface to the upper atmosphere 

in a 32-degree latitude. The former 

illustrates the change in wind direction 

(negative of the meridional component of 

the wind) from northwest to southeast and 

its intensification. This change of direction 

indicates the passage of the trough and the 

front area. According to Figure 5a, the 

polar jet passage is visible at higher levels. 

As the instability intensified on 24 April, 

the polar jet penetrated lower levels 

(Figure 5b). At the mid-atmosphere (500 

hPa), the active cyclone penetrated from 

the north, with relatively positive and 

noticeable vorticity and accompanied by a 

24 °C isotherm. Also, the trough moved 

east (Figure 4a and 4b). The dust was 

formed since April 23 in the afternoon and 

continued until April 24 during the passage 

of the trough and the cold front through the 

eastern parts of the country. The intensity 

of the dust storm, estimated based on the 

magnitude of the wind speed and the 

amount of horizontal visibility, was after 

the passage of the cold front. Table 1 

shows the horizontal visibility and wind 

speed at meteorological stations in the 

study area. From this table, the horizontal 

visibility in some stations reached less than 

1000 meters and the wind speed reached 

more than 20 m/s. After crossing the front, 

the intensity of the storm lessened. Since 

the end of the 24
th

 day, the dynamic 

cyclone gradually weakened. 

Investigations showed that on the 23
th

 day 

(Figure 3a) with a positive relative 

vorticity penetration of 500 hPa with 
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values greater than 10×10 
-5

 (1/s) to the 

east of the country, the dust began and with 

an increase in positive relative vorticity 

and complete penetration of the trough and 

by front crossing on the 24
th

 day of April, 

the dust storm of the front reached its peak. 

b a 

Fig. 4. Geopotential height in terms of geopotential meters, temperature in degrees Celsius and relative 

vorticity in terms of 10 -5
 (1/s)  500 hPa, a: 12 UTC, April 23, b: 12 UTC, April 24, 2019 

Table 4. Direction (Degree) and Speed (m/s) of Maximum Wind South East from 22 to 25 April 

Maximum wind speed 

Yazd Hormozgan South Khorasan Kerman Sistan va Baluchestan 

Gariz 
22 m/s 

250° 

Qeshm 
16 m/s 

240° 

Zohan 
23 m/s 

160° 

Kerman 
22 m/s 

260° Saravan 
22 m/s 

240° 
Yazd 

19 m/s 

240° 

Kish 
15 m/s 

300° 

Ferdows 
16 m/s 

310° 

Sirjan 
19 m/s 

210° 

Abar kooh 
17 m/s 

240° 

Tabas 
15 m/s 

300° 

Rafsanjan 
18 m/s 

250° 

Zabol 
21 m/s 

250° 

Kash 
m/s 19 

290° 

Marvast 
15 m/s 

210° 

Meybod 
15 m/s 

210° 

Zahedan 
17 m/s 

250° 

 

Figures 5a and B show the vertical 

profile of the horizontal wind and the 

meridional component of the wind from 

surface level to the upper atmosphere in a 

32-degree latitude. Figure 5a shows the 

change in wind direction (negative of the 

meridional component of the wind) from 

northwest to southeast and its 

intensification. This change of direction 

indicates the trough along with the frontal 

system. According to Figure 5a, the polar 

jet passage is formed at higher levels. As 

the instability did intensify on April 24, the 

polar jet penetrated to the lower levels 

(Figure 5b). 

Figures 6a and b demonstrate the wind 

meridian component for April 23 and 24, 

2019 in the 30 ° latitude around Lut Desert. 

According to these figures, on April 23, a 

strong wind core (low level jet) formed 

from the level of 900 to 850 hPa and for 

the 24
th

 day, with the intensity of the storm, 

it got strengthened and expanded. 
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b 
 

a 

Fig. 5. Vertical profile of wind and its meridional component in meters per second along the latitude of 32 

degrees and its meridional component, a: 23, b: April 24, 201. 

b a 

Fig. 6. Vertical profile of meridian component of wind in meters per second, a: 23 b: April 24 in 30 degree 

orbit (Lut desert) 

Figures 7 and 8 show the output of the 

WRF-Chem model in terms of dust load 

quantities and PM10 concentrations on 23
rd

 

and 24
th

 of April, 2019, respectively. The 

results indicate that dust emission started in 

the beginning of April 23 from Fahraj and 

Regan areas (Kerman), its concentration 

and extent having gradually increased. 

From the middle of April 23, the dust mass 

reached the main central and northern 

regions of Sistan and Baluchestan Province 

(Zahak, Zabol) as well as some areas in 

Kerman Province (Kahnooj and Jiroft) and 

during the 24th day, the dust mass spread 

out to the front and got covered with 

clouds. The east of the country and the 

Zabol region can be seen in the north of 

Sistan and Baluchestan. This is also 

confirmed by satellite images. Therefore, 

in this case, the model simulates the dust 

spring and its transfer to the east and 

southeast of the country quite well. 

The simulation results show that from 

the afternoon of the 23
rd

 day, the amount of 

dust load on the north of Sistan and 

Baluchestan, especially Zabol, experienced 

a significant increase (Code 07) caused by 

the area within the region. For this reason, 

the highest concentration of dust particles 

occurred in the early hours of April 24.  
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b 

 
a 

 
d 

 
c 

Fig. 7. Dust load (µg/m
3
) of AFWA emission scheme output, WRF-Chem model on a, b: 23 and c, d: April 

24, 2019 

 
b 

 
a 

 
d 

 
c 

Fig. 8. PM10 Concentration (µg/m
3
) of AFWA emission scheme, WRF-Chem model on a, b: 23 and c, d: 

April 24, 2019 
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Examining Meteosat Second Generation 

(MSG) RGB images during the days of the 

storm showed the advance of dust on the 

eastern and southeastern regions of Iran 

along with the emergence of ridge clouds, 

indicating the passage of the cold front 

through the region (Figure 9a and 9b). By 

post-processing the model output and 

production of PM10 particle concentration 

and dust load maps, areas of the simulation 

field with maximum particle concentrations 

(Fahraj and Reagan in the southeast of 

Kerman Province on the border of Sistan and 

Baluchestan) can be used as the main sources 

of dust particle emission. The increase in 

PM10 values as a quantity indicating the dust 

particle concentration of Zabol station was 

also consistent with the model outputs, 

showing that the AFWA scheme performed 

well in simulating the change process and the 

maximum dust concentration. 

In satellite images, the position of cold 

and warm fronts and warm air advection in 

the front of the warm front and cold air 

advection showed that the dust storm was 

located behind the cold front as a post-

frontal system. The cold front accompanied 

and represented by thick cirrus clouds, and 

the cover of the lower clouds can be seen 

well. 

Comparing the output of the AWFA 

emission scheme in the simulation of PM10 

particulate matter concentration at Zabol 

station with observational data indicated 

that the concentration increase trend was 

well simulated from April 22 to APril 24, 

although the model had a delay of 6 hours 

to predict the maximum on 24
th

 of April. 

The results show that this scheme had 

estimated the concentration values of these 

particles more than the observation values 

(Figure 10). 

 

b 

 

a 

Fig. 9. RGB satellite imagery of Meteosat satellite for storms at a: 12 UTC 23, b: 12 UTC April 24, 2019. 

 

Fig. 10. PM10 particle concentration in (µg/m
3
), Zabol station on April 22, 23, and 24, 2019; and WRF-

Chem output data. Dash line is observation and solid line is model output 
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CONCLUSION 
On 23

rd
 and 24

th
 of April, 2019, severe dust 

storm and rain in many areas of the 

southeast, especially Kerman and Sistan 

and Baluchestan caused many problems. 

This study investigated the synoptic pattern 

of the region during the storm and the 

ability of AFWA dust emission scheme in 

the WRF-Chem model to simulate the dust 

particle concentration. 

Synoptic analysis indicated the rule of 

strong dynamic low pressure and the 

passage of the front through the region. At 

850 hPa level, cold and advection and 

baroclinicity were detected, and at the 

middle level of the atmosphere, a deep 

trough and a positive relatively vorticity 

were observed. Examining the vertical 

wind profile in the front area showed the 

passage of the polar jet and its penetration 

to lower levels. Low-level jet activity near 

the Lut Desert was another factor in the 

region's instability and the occurrence of 

dust storms. In general, the model output in 

terms of scale and time changes gave a 

reasonable estimate of the air vents in the 

study area. By producing dust particle 

concentration distribution maps, areas of 

the simulation basin with maximum 

particle concentration were identified as 

the main sources of particle emission. 

Simulation of dust particles with three 

domains in the east of Iran, at the borders 

of Kerman and Sistan and Baluchestan 

(Fahraj and Regan) and Zabol (consecutive 

report code 07 of these stations) indicated 

that these areas were the main dust sources. 

In terms of agreeing with the occurrence 

time of severe dust phenomena, it had an 

acceptable agreement with the data of 

Zabol station. The simulated 

concentrations showed good validity of the 

temporal and spatial distribution of dust 

concentrations with respect to satellite 

RGB images and observation data. 

Quantitatively, the model output simulated 

PM10 particulate matter concentration 

values more than reality. 

Examining Meteosat satellite, RGB 

images in the days of the storm indicated 

the advance of dust on the eastern and 

southeastern regions of Iran as well as the 

emergence of ridge clouds, indicating the 

passage of the cold front through the 

region. The increase in PM10 values as a 

quantity, indicating the concentration of 

dust particles related to Zabol station, also 

agreed acceptably with the model outputs. 

In general, not much operational and 

research work has been done in the eastern 

regions of Iran in the field of dust 

simulation; but the results of this study are 

largely consistent with the results of 

studies by Kargar et al., (2016). 
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