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Abstract: Drying lakes have become a new source of dust, causing severe problems in surrounding
areas. From 2000 to 2017, a statistical study was conducted on Lake Urmia in Iran in the Middle
East. The results indicated a significant increase in the annual number of dusty days in stations
around the lake and the mean annual aerosol optical depth (AOD) at 550 nm. The sharp decrease in
annual snowfall rate over the Lake Urmia area since 2007 has been linked to the lake’s decreasing
water level and drying. During a dust storm event from 27 October to 31 October 2017, a local
dust storm originated from Lake Urmia before another large-scale dust storm originated from the
An-Nafud desert. According to MODIS true-color images, dust particles were lifted from Lake Urmia
and transported eastward to the Caspian Sea and the HYSPLIT model. The comparison of the four
models under the Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS)
revealed that the models overestimated surface dust concentrations compared to ground-based PM10

measurements. Nevertheless, the NOAA/WRF-Chem and DREAMABOL models simulated higher
dust concentrations during the dust period. More emphasis should be placed on the development of
dust models for SDS-WAS models in Lake Urmia.

Keywords: dust storm; Lake Urmia; synoptic meteorology; statistical investigation; numerical
prediction model

1. Introduction

Similar to floods, earthquakes, volcanoes, and droughts, dust storms are natural dis-
asters that affect the lives of millions of people worldwide each year [1]. Dust storms
harm human health and the respiratory system [2], infrastructure [3], road and air trans-
portation [4], agricultural productivity [5], and so forth. The Sahara Desert in Africa is the
world’s most significant dust source region, with a large amount of dust particles entering
the earth’s atmosphere every year [6,7]. The Sahara Desert is the world’s largest desert,
covering the territory of ten North African countries, equivalent to an area of 9 million
km3 [8]. According to Kok et al. [9], North African source regions emitted roughly half of
global dust emissions. The Middle Eastern and Central Asian source regions rank second,
accounting for ~30% of global dust loading. As a result, the Middle East region emerges as
one of the most critical dust emission regions, with numerous dust sources.

Dust sources include deserts, playa, agricultural lands, rangelands, dry lakes, rivers
and floodplains, stony deserts, dunes, paleolakes, paleorivers, floodplains, inland deltas,
and oases [10]. The desert is the primary source of dust particles entering the earth’s
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atmosphere [9], and dried lakes are another significant dust source worldwide. Climate
change has recently caused many lakes to dry up and new dust sources to emerge, such as
the Aral Sea [11–14] and Lake Urmia [15–17]. Lake Urmia is the largest hypersaline lake
in the Middle East and Iran and one of the largest in the world. However, the water level
and size have decreased dramatically over the last few decades [17–19], due to decreased
precipitation, rising mean air temperature, and agricultural water use [20]. From 2009 to
2010, dust particles originating from the lake increased from 30% to 60% in all surrounding
cities [21].

One method for studying dust generation, transportation, and dispersion is to use
a numerical prediction model. Many dust models were developed to investigate dust
formation and propagation in different parts of the world, and before 1990, dust storm
generation, transportation, and dispersion were mostly investigated dynamically and
synoptically [22–24]. However, after the 1990s, surface dust concentration simulation
was introduced through the works of [25,26]. In the last 20 years, there has been marked
development in dust properties simulations [27–29]. Furthermore, in many studies, the
performance of the dust modeling was investigated in dust storm generation [30–32].
Additionally, dust propagation and transportation were investigated in different parts of
the world in some studies [33–36]. Furthermore, dust models can be categorized as global
models [27,37,38] and regional dust models [39–41].

The massive number of particles in the atmosphere [42] and the interactions of dust
particles with different meteorological parameters has highlighted the need to establish
new organizations for dust modeling, especially over the dust belt area. For this purpose,
in 2004, the World Meteorological Organization (WMO) launched the Sand and Dust Storm
Warning Advisory and Assessment System (SDS-WAS) prediction models to monitor dust
storms in three regional centers in Northern Africa, the Middle East, and Europe [43]. The
center frequently uses nine global dust models and 14 regional dust models.

This study investigates the emerging dust storms over Lake Urmia by conducting
a statistical analysis of meteorological stations located around the lake over 18 years
(2000–2017). Near Lake Urmia, two major dust storm events have been identified, including
existing dust sources and emerging dust sources. The ability of four SDS-WAS dust
prediction models to simulate these dust storm events will be then evaluated by comparing
surface dust concentrations measured at three air quality monitoring stations.

2. Materials and Methods

This study analyzed the satellite data and images, Lake Urmia stations’ data, and the
outputs of some models.

2.1. Study Area

The main research area, the Lake Urmia basin, is located in Northwest Iran at a latitude
of 37◦ to 38.5◦N and a longitude of 45◦ to 46◦E (Figure 1). The lake is the Middle East’s
largest saline lake and one of the largest ones in the world. It is not only the most prominent
Iranian lake, but it is also one of Iran’s most important and valuable ecosystems [44]. It is
situated between the West Azerbaijan (46%) and East Azarbaijan (44%) provinces of Iran.
The lake’s surface has shrunk dramatically in recent decades due to the construction of
more than fifty dams [45,46] and favorable conditions for dust and sandstorm formation
lifting [17].

The six stations of Lake Urmia are located in Urmia, Bonab, Salmas, Tabriz, Bokan,
and Sardasht. The annual number of dusty days (days with at least one reported weather
code related to dust) is calculated using meteorological stations in Urmia, Bonab, and the
Sal-mas stations surrounding Lake Urmia. All six weather stations provide the 2-m wind
profile in this study, while Urmia, Bokan, and Sardasht provide the daily surface PM10
measurements for model comparison. These national weather stations report the 2 m wind
speed and direction, weather code, visibility, and relative humidity (without gap) every
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three hours. Another type of station is an air monitoring station that measures PM10, NO2,
O3, CO2, and PM2.5 pollution hourly (local time).
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Figure 1. Study area with the six synoptic weather stations and Lake Urmia in NW Iran.

Table 1 displays the longitude, latitude, elevation, and annual mean the number of
dusty days in the six weather stations used in this study (2000–2017). The frequency of
dust was higher at the Tabriz station, which is located to the northeast of Lake Urmia.

Table 1. The six synoptic weather stations around Lake Urmia and the mean annual number of dust
days during 2000–2017.

Synoptic Station Longitude Latitude Elevation Mean Number of Dust Days

Urmia 45.08 37.55 1328 15.5
Tabriz 46.27 35.7 1361 33.11
Salmas 44.77 38.02 1339.3 8.7
Bonab 46.05 37.34 1281 16
Bokan 46.2 36.51 1386.1 28.07

Sardasht 45.47 36.16 1556.8 27.55

2.2. In-Situ Data

In this study, three-hour recordings of the synoptic codes (06, 07, and 30–35) related to
dust events were used at some meteorological stations around Lake Urmia over 18 years
(2000–2017). In addition, at least one daily observation should include a dust code to
represent a dust day.

Table 2 shows the definitions for the corresponding dust codes 06, 07, and 30–35,
which were derived from meteorological reports.

Table 2. The dust-related present weather codes.

06 Widespread dust in suspension, not raised by wind at or near the station at the time
of observation

07 Dust or sand raised by wind at or near the station at the time of observation

30–32 Slight or moderate sand storms or dust storms

33–35 Severe sand storms or dust storms

Because dust codes 08, 09, and 98 are uncommon in this area, they are not used in this
study.
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Furthermore, PM10 concentrations (in µg m−3) in dust storm events were obtained at
the air pollution monitoring stations in Northwest Iran, Urmia, Bukan, and Sardasht. The
data were extracted from Iran’s Department of Environment’s air pollution monitoring
network. The PM10 concentrations were used to compare the qualitative predictions to the
four model predictions. In this study, the first statistical investigation is conducted in Lake
Urmia from 2000 to 2017. Then a severe dust storm is investigated in the Lake Urmia area,
consisting of local and large-scale dust storms.

2.3. Satellite Products

Several datasets were used in this study. The MODIS Aqua true color and Terra mean
NDVI images were used to investigate the changes in land cover and minimal changes in
vegetation cover [47] for the region over 18 years by comparing conditions in 2000 and
2017 for the identification and investigation of the emerging dust source. It was also used
to retrieve variations in the Lake Urmia area with high spatial and temporal resolution [48].
In addition, the dust storm was represented by a case study from 27–30 October 2017, as
identified by the MODIS true color image. The columnar aerosol thickness was measured
using a Level 3 MODIS Terra aerosol product, AOD550, with a spatial resolution of 1◦ × 1◦,
derived from the collection of C6.1 over the northern half of Iran. The MODIS Merged
DT/DB Aerosol Optical Depth (Land and Ocean) layer from the Terra (MOD04_L2) satellite
for daytime overpasses with a spatial resolution of 10 km and a temporal resolution is used
daily for the focused case study of Lake Urmia. At the nadir, the Level 2 (MOD 04) data
have a spatial resolution of a 10 × 10 km pixel array. The NDVI, snowfall rate, and AOD
data were downloaded from the Giovanni visualization tool [49].

2.4. Models

In this study, a matrix of trajectory points over Lake Urmia was employed to compute
the two-day forward air mass trajectories from the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model. The model was run by GDAS data with a 0.5◦

horizontal resolution for 48 h. Furthermore, the FLDAS model’s monthly snowfall rate,
with a 0.1-degree resolution, was used to confirm the snowfall rate change in Lake Urmia
over 18 years. Habibi et al. also reported that the snow drought events have become more
pronounced in the basin as temperatures have risen [50]. The FLDAS Global model [51] is
a NASA-developed model adapted to work with data streams, domains, and monitoring
and forecast requirements associated with food security assessment in developing country
settings. The model simulated snow over Central Asia, and these data are provided to
USGS EROS.

In the study area, the performance of the four models in simulating dust storm
characteristics during one case study is also investigated. The case study was a combination
of a local dust storm on 27 October 2017, followed by a large-scale dust storm in this area
that originated in Saudi Arabia’s An-Nafud desert. As a result, the model outputs and
investigations into synoptic patterns are linked to two types of dust storms over Lake
Urmia. Four models were used for this purpose: DREAM-NMME-MACC, DREAMABOL,
NCEP-NGAC, and NOAA/WRF-Chem. The model simulations were obtained from the
WMO SDS-WAS website [52]. This system aims to improve forecasts for sand and dust
storms. Since 2012, fourteen regional models have been used to estimate the region’s
surface dust concentration and aerosol optical depth [53]. The applicability of the models’
outputs, which were used by various regional weather prediction centers in various regions
of the Middle East and North Africa, was investigated [54–57]. However, it is not clearly
known whether these SDS-WAS models have kept up with new and emerging local dust
emission sources. Therefore, there is a need for further studies to assess their ability to
forecast new local dust storms.

Four models from the SDS-WAS system were evaluated in this study, as shown
in Table 2: DREAMABOL, DREAM8-NMME-MACC, NOAA/WRF-Chem, and NCEP-
NGAC. These models were chosen from 14 operational models, because their outputs
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covered a more comprehensive range of latitudes. The DREAMABOL model is an online
regional dust model developed by the Institute of Atmospheric Sciences and Climate, in
Bologna, Italy [58,59]. The meteorological component is based on the BOLAM equation
hydrostatic model [60], whereas the dust model is based on DREAM [61]. Since June
2014, DREAMABOL has provided near-real-time and historical data to the SDS-WAS.
The initial meteorological data used were GFS data with a resolution of 0.5◦ and model-
generated output data with a resolution of 0.4◦ in the rotated pole Lon-Lat grid. The Global
Forecast System (GFS) is given from the National Centers for Environmental Prediction
(NCEP) weather forecast model. The model generates data from atmospheric and land/soil
variables, such as temperature, wind, soil moisture, and atmospheric ozone concentration.
The system couples four sorts of models (atmosphere, land/soil, ocean, and sea ice) that
work together to accurately depict weather conditions.

The model’s dust emission scheme is dust uplift derived from [62]. The Southeast
European Virtual Climate Change Center in Serbia developed DREAM8-NMME-MACC.
The DREAM8 weather model was designed based on the NCEP Non-Hydrostatic Mesoscale
Model [63], and its initial and boundary conditions were derived from ECMWF data.
Ginoux et al. [64] defined the dust sources in the initial dust field using DREAM8 assimilates
ECMWF dust analysis [44]. The SEEVCCC website contains daily dust forecasts generated
by the DREAM8-NMME-MACC model. The dust particle size distributions were divided
into eight size bins with radii ranging from 0.1 to 10 µm by the Dream model. A constant
distribution is also considered in the model for silt particles (1 µm < r < 10 µm),

The NOAA National Centers for Environmental Prediction (NCEP), in collaboration
with the NASA Goddard Space Flight Center (GSFC), used Global Forecast System (GFS)
Aerosol Component (NGAC) for global dust forecasting. NGAC has been providing 5-day
dust forecasts with a 1◦ by 1◦ resolution since 2012, based on the global domain simulation
and initial meteorological data from NCEP GDAS. The dust emission scheme used in the
model is the dust uplift derived from [33]. The seven size ranges in the model are as follows:
0.1 to 0.18 µm, 0.18 to 0.3 µm, 0.3 to 0.6 µm, 0.6 to1 µm, 1 to 1.8 µm, 1.8 to 3 µm, and 3 to
6 µm. Furthermore, the corresponding effective radii are 0.15, 0.25, 0.4, 0.8, 1.5, 2.5, and
4 µm, respectively [64].

Moreover, NOAA/WRF-Chem is a non-hydrostatic model that runs once per day
at the National Observatory of Athens. Its domain covered a large portion of the Sahara
(the primary source of mineral dust), the Mediterranean, and Europe, with a horizontal
resolution of about 20 km. The GFS global model is used to calculate the initial and
boundary conditions. It has a domain simulation range of 2◦N to 70◦N and 28◦W to
66◦E. The initial meteorological data is GFS data with a resolution of 0.5 degrees, and the
resolution of the output data is also 0.19 by 0.22 degrees. The GOCART scheme derived
from [33] is used in the model’s dust emission scheme. The dust scheme considers five
dust size bins: 0–1 µm, 1–1.8 µm, 1.8–3 µm, 3–6 µm, and 6–10 µm. Table 3 shows the
specifications of selected numerical prediction models.

Table 3. Specifications of selected numerical prediction models.

Model Operator Meteorological
Model

Dust Model, Dust
Scheme

Initial Weather
Condition

(Resolution)

Resolution (Grid
Type)

DREAMABOL

the Institute of
Atmospheric Sciences

and Climate of
Bologna in Italy

[58,59]

BOLAM equation
hydrostation model

[60]
DREAM [61,62] GFS output (0.5◦) 0.4◦ (rotated pole

lon-lat)

DREAM8-NMME-
MACC

Southeast European
Virtual Climat
Change Center,

Serbia

DREAM8 model by
the NCEP

Non-Hydrostatic
Mesoscale Model

[63],

[65,66] ECMWF (1.5◦) 1.3◦
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Table 3. Cont.

Model Operator Meteorological
Model

Dust Model, Dust
Scheme

Initial Weather
Condition

(Resolution)

Resolution (Grid
Type)

NCEP-NGAC

NOAA National
Centers for

Environmental
Prediction (NCEP), in

collaboration with
NASA Goddard

Space Flight Center
(GSFC)

Global Forecast
System (GFS) [66,67] NCEP GDAS (1◦) 1◦

NOAA/WRF-Chem National Observatory
of Athens WRF [68] GOCART scheme

derived from [64] GFS output (0.5◦) 0.19◦

3. Results
3.1. Emerging Dust Source Investigation

Figure 2 shows Lake Urmia in December 2000 and 18 years later in December 2017.
The water body shrank dramatically, resembling a dried lake [69]. The lake became an
active dust source due to the changing conditions [17]. These are mean monthly true-color
images of the research area. Therefore, one month was chosen to compare of conditions in
Lake Urmia over 18 years.
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December of 2000 (a) and 2017 (b).

Figure 3 shows the annual number of dusty days and wind rose (wind speed and
direction from thrice-hourly wind data with a mean of 2 m) in the Urmia (west of the lake),
Bonab (southeast of the lake), and Salmas (northwest of the lake) weather stations from
2000 to 2017. Between 2001 and 2007, the number of dusty days was low. The number
of annual dusty days increased in the Urmia station beginning in 2008, peaking in 2012
with 41 dusty days, followed by 2010 and 2009 with 37 and 33 days, respectively. Then
it fell again from 2013 to 2017. The station’s predominant wind directions were westerly,
northerly, and southwesterly. This is consistent with the findings of the authors of [70], who
showed that the wind rose in Urmia station over 30 years, with the wind direction primarily
southwesterly and northeasterly. There was no wind blowing from Lake Urmia to the
Urmia station. The number of annual dusty days at the Bonab weather station increased
beginning in 2008, peaking in 2012 with 41 dusty days. Following that, in second and third
grades, 2009 had 39 dusty days, and 2011 had 31 days. Similarly, to Urmia station, after a
period of low dust days from 2001 to 2007, the number of dusty days increased sharply
from 2008 to 2013, then decreased from 2013 to 2017.
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Figure 3. The number of dusty days and wind rose in dusty days in weather stations of Urmia (a,b),
Bonab (c,d), and Salmas (e,f) in 18 years from 2000 to 2017.

In contrast to the Urmia station, the wind primarily blows from Lake Urmia to the
Tabriz station, with the prevailing wind being easterly and northeasterly. Another study [71]
found that the wind rose in Bonab station (northeast of the lake) was eastly and northeast-
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erly from 2012 to 2013. The data relating to the Salmas weather station from 2000 to 2017
show that the number of dusty days reached a peak in 2012, 2003, and 2009, with 41, 17, and
13 dusty days, respectively. The station’s prevailing winds were westerly, southwesterly,
and north-westerly, and it was rarely affected by Lake Urmia’s saline dust storms, so the
annual number of dusty days was much lower than that of the Urmia and Bonab stations.

Figure 4 shows the dominant wind direction on dusty days at four weather stations
around Lake Urmia from 2000 to 2017. The wind direction was primarily northerly and
southerly in the Urmia and Salmas weather stations on the western side of the lake, but
southwesterly in the Tabriz and Bonab stations on the eastern side. Furthermore, the mean
wind speed on dusty days over 18 years was 6.2 m/s in the Salmas station, which was
higher than the other three stations. The mean wind speed in Tabriz, Urmia, and Bonab
weather stations were 5.6 m/s, 4.9 m/s, and 3.4 m/s, respectively.

Remote Sens. 2022, 13, x FOR PEER REVIEW 9 of 26 
 

 

 
Figure 4. The dominant wind direction in the six nearest weather stations around Lake Urmia from 
2000 to 2017. 

Salmas is located in the west of the Azerbaijani plateau, which is formed by the tri-
angle of the Mesopotamian plain, the Caspian Sea, and the North Caucasus Mountains. 
The Azerbaijan mountain range, a long and high wall similar to the natural border of Tur-
key, prevents rain from penetrating this area and provides abundant precipitation sources 
in the form of snow. The Salmas plain is sandwiched between three mountains. In addi-
tion, Tabriz is a mountainous city sandwiched between two mountains, so wind speed is 
higher in the two stations in these two areas. 

Figure 5a shows the mean AOD 550 of MODIS/Terra from 2000 to 2017. The mean 
AOD over Lake Urmia (highlighted by the red box) was greater than 0.4, indicating that 
dust was causing significant aerosol loading over the lake. 

Figure 5b shows the annual average MODIS/Terra NDVI from 2000 to 2017. Vegeta-
tion cover is an important factor that is inversely correlated with dust rising [72–74]. Be-
cause of the salinity of the soil in this area, the mean NDVI over Lake Urmia is close to 
zero, and the NDVI index is high on the Caspian Sea’s southern coasts. According to 
Alizade Govarchin Ghale et al. [20], salt and salty soil areas near Lake Urmia increased 
dramatically between 1995 and 2014. Furthermore, their investigation revealed that irri-
gated lands increased twice as much as in the previous 20 years (study period) around the 
lake. 

Figure 5c presents the annual average MODIS/Terra NDVI and AOD between longi-
tudes 46° E and 48° E and latitudes 36° N to 38° N from 2000 to 2017. One of the causes of 
rising dust is the reduction in vegetation cover in the dust source area. This graph shows 
that when NDVI increased in Lake Urmia, AOD decreased that year. In 2010, for example, 
NDVI increased dramatically, while aerosol optical depth decreased over Lake Urmia. 
The correlation coefficient between the two indexes was 0.54 over 18 years, indicating a 
close relationship. Mardi et al. [75] investigated AOD over Lake Urmia from 2001 to 2015. 
According to their findings, mean AOD increased from 2009 to 2015 compared to 2001 to 
2009. In addition, Delfi et al. [76] studied AOD over Lake Urmia from 2001 to 2016. Simi-
larly to Mardi et al. [75], they concluded that AOD was higher from 2009 to 2016 than in 
previous years, and dust particles were raised from the deserts of Iraq and Syria in the 
weather stations around Lake Urmia. Moghim and Ramezanpoor [77] investigated the 
classification of aerosol over Lake Urmia and discovered that there are primarily two 

Figure 4. The dominant wind direction in the six nearest weather stations around Lake Urmia from
2000 to 2017.

Salmas is located in the west of the Azerbaijani plateau, which is formed by the triangle
of the Mesopotamian plain, the Caspian Sea, and the North Caucasus Mountains. The
Azerbaijan mountain range, a long and high wall similar to the natural border of Turkey,
prevents rain from penetrating this area and provides abundant precipitation sources in
the form of snow. The Salmas plain is sandwiched between three mountains. In addition,
Tabriz is a mountainous city sandwiched between two mountains, so wind speed is higher
in the two stations in these two areas.

Figure 5a shows the mean AOD 550 of MODIS/Terra from 2000 to 2017. The mean
AOD over Lake Urmia (highlighted by the red box) was greater than 0.4, indicating that
dust was causing significant aerosol loading over the lake.

Figure 5b shows the annual average MODIS/Terra NDVI from 2000 to 2017. Vegetation
cover is an important factor that is inversely correlated with dust rising [72–74]. Because of
the salinity of the soil in this area, the mean NDVI over Lake Urmia is close to zero, and the
NDVI index is high on the Caspian Sea’s southern coasts. According to Alizade Govarchin
Ghale et al. [20], salt and salty soil areas near Lake Urmia increased dramatically between
1995 and 2014. Furthermore, their investigation revealed that irrigated lands increased
twice as much as in the previous 20 years (study period) around the lake.
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Figure 5c presents the annual average MODIS/Terra NDVI and AOD between longi-
tudes 46◦ E and 48◦ E and latitudes 36◦ N to 38◦ N from 2000 to 2017. One of the causes of
rising dust is the reduction in vegetation cover in the dust source area. This graph shows
that when NDVI increased in Lake Urmia, AOD decreased that year. In 2010, for example,
NDVI increased dramatically, while aerosol optical depth decreased over Lake Urmia.
The correlation coefficient between the two indexes was 0.54 over 18 years, indicating a
close relationship. Mardi et al. [75] investigated AOD over Lake Urmia from 2001 to 2015.
According to their findings, mean AOD increased from 2009 to 2015 compared to 2001
to 2009. In addition, Delfi et al. [76] studied AOD over Lake Urmia from 2001 to 2016.
Similarly to Mardi et al. [75], they concluded that AOD was higher from 2009 to 2016 than
in previous years, and dust particles were raised from the deserts of Iraq and Syria in the
weather stations around Lake Urmia. Moghim and Ramezanpoor [77] investigated the
classification of aerosol over Lake Urmia and discovered that there are primarily two types
of aerosols over the lake: desert dust and marine aerosol. According to other studies, dust
storms have increased rapidly since 2010, and the amount of dust in the atmosphere has
increased over the last decade [78–80].

Figure 6 shows the MODIS/Terra mean AOD 550 and snowfall rate of the FLDAS
model time series from 2000 to 2017 between the longitudes of 46◦E and 48◦E and the
latitudes of 36◦N to 38◦N. The mean annual AOD increased dramatically over the study
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period, whereas the snowfall rate decreased from 2000 to 2017. The maximum snowfall rate
was observed in 2003 and 2002, and the minimum happened in 2010 and 2014. Boueshagh
and Hasanlou [81] reported that the snowfall rate decreased from 2000 to 2006 in Lake
Urmia, and, consequently, the lake’s water level decreased in this period. Since snowfall is
an important indicator of the water volume in Lake Urmia, the decrease in snowfall rate
caused more drought, which increased saline dust emission and resulted in the further
drying of Lake Urmia [15]. As a result, AOD has increased significantly since 2008, reaching
a peak of 0.56 in 2017. This diagram is consistent with the findings of [75], who found that
AOD in Lake Urmia gradually increased from 2009 to 2015 compared to the period from
2001 to 2008.
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Figure 6. Time series of MODIS/Terra mean aerosol optical depth (red bars) at 550 nm (AOD 550)
and mean annual snowfall rate (blue bars) in kg m−2s−1 from 2000 to 2017.

3.2. Case Study (26–29 October 2017)

The following investigates a severe dust storm in Lake Urmia and the surrounding
area. This dust case was chosen because it was a combination of a saline dust storm
originating from the lake and a large-scale dust storm originating from the An-Nafud
desert. First, a dust storm rose from Lake Urmia, and then another dust storm arrived from
Saudi Arabia’s desert and affected this area (Appendix A shows synoptic investigation of
the dust storms).

3.2.1. Reported Station Data

The weather stations that reported dust-related codes data (codes 06, 07, and 30 to
35; see [82]) around Lake Urmia during the examined dust event are shown in Figure 7.
On 27 October 2017, only two stations in SE and NE Lake Urmia reported dust codes, and
on 28 October, dust codes were reported in three meteorological stations in SE, E, and NE
of Lake Urmia. The dominant wind direction in the Lake Urmia area is southwesterly
(Figure 4), so the reported dust on 27 and 28 October 2017 was related to Lake Urmia.
When dust storms originate from Syria and Iraq, they first affect the weather stations in
the lake’s west. Nevertheless, the dust storms that originate from the lake primarily affect
the eastern parts of the lake. On 29 and 30 October 2017, the weather station west of Lake
Urmia reported dust related to the dust particles originating from the deserts in Iraq and
Saudi Arabia.
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Figure 7. The weather stations that reported dust related codes data around Lake Urmia on (a) 27
October (b) 28 October (c) 29 October (d) 30 October 2017.

3.2.2. Satellite Products

On 27 October 2017, a dust storm was visible over significant parts of Northwest Iran
in a MODIS/Aqua true-color image (Figure 8). In addition, scattered dust masses were
prevalent over Eastern Iraq and Western Iran. On 28 October, some clouds were visible in
the northwest of Iran, so a dust mass could not be detected in this area. On 29 October, a
dense dust cloud formed over northern Saudi Arabia and southern Iraq, spreading from
the western half of Iraq to the northwest of Iran and the Caspian Sea. This was the typical
transport path of dust storms that originated in Saudi Arabia’s An-Nafud desert and spread
to Saudi Arabia, Iraq, Syria, and Europe [83].
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Figure 9 presents the HYSPLIT Model’s forward trajectory on 27 October 2017 at
12 UTC at the height of 200 m above sea level. The wind was blowing from the southwest,
and the dust particles were transported over the Caspian Sea and separated into two
main flows to the west and north of the Caspian Sea. This dust particle trajectory is
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consistent with the MODIS/Aqua true-color image (Figure 8b), which shows the dust
storm moving northeast. The HYSPLIT model output also shows that the air mass has
moved northeasterly and that the dominant wind is southwesterly, passing over the Bonab
and Tabriz stations (Figure 5).
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3.2.3. Model Outputs

Figure 10 shows the simulated surface dust concentrations (in µg m−3) from the
DREAM-NMME-MACC, DREAMABOL, NCEP NGAC, and NOAA/WRF-Chem models,
as an Aqua/MODIS true-color image with AOD at 09 UTC on 27 October 2017. Around
09 UTC, the Aqua satellite passes over the study area. AOD 550 nm from MODIS was
also used to show high AOD over Lake Urmia on 27 October 2017. Although AOD was
high (around 5) over Lake Urmia and the eastern Caspian Sea, only DREAMABOL and
NOAA/WRF-Chem showed high surface dust concentrations in this area. The DREAM
MACC and NCEP NGAC models simulated lower dust concentrations in this area, and
neither shows Lake Urmia generating dust storms. Three models, DREAM-NMME-MACC,
DREAMABOL, and NCEP-NGAC, show large dust concentrations over Iraq, but it is not
apparent in the Aqua true-color image. DREAMABOL, NCEP NGAC, and NOAA/WRF-
Chem, on the other hand, show well-defined dust masses over Lake Urmia.

For the October 2017 dust episode, Figure 11 depicts the temporal variation of the model’s
simulated and measured PM10 concentrations in Urmia, Bokan, and Sardasht (27–30 October).
The measured data are the lowest at all stations, and all models overestimate the amount of
PM10. The PM10 was measured hourly in local time. To compare it to the outputs of the
models, the time was converted to UTC. Furthermore, because the models’ outputs are
every three hours, only one data point is considered among the three. All the model outputs
at the Urmia station have a low correlation with the measured station data. The maximum
correlation is between NCEP_NGAC and station data (0.38). At 18 UTC on 28 October,
the maximum measured surface dust concentration was 499 µg/m3. On the other hand,
the two models with the highest amounts were before that time (NCEP NGAC modal
at 09 UTC on 28 October with 1200 µg/m3 and NOAA/WRF-Chem model at 12 UTC
with 3067 µg/m3), and the two models with the highest amounts were after that time
(DREAMABOL model at 21 UTC 28 October with 2689 µg/m3 and DREAM NMME MAC
model at 00 UTC on 29 October). NOAA/WRF-Chem (0.73) and DREAM MACC (0.73)
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had the highest correlation between model outputs and measured data at the Bokan station
(0.5). In addition, three data points are missing from the Bokan station. The maximum of
measured data is 571 µg/m3 at 09 UTC on 29 October. Moreover, the maximum amount
of DREAM MACC occurs at the same time, but its amount is 1669 µg/m3. However,
the three models estimated the dust maximum earlier that time (NCEP NGAC model at
06 UTC 28 October with 1643 µg/m3, DREAMABOL model at 21 UTC 28 October with
3092 µg/m3, and NOAA/WRF-Chem model at 03 UTC 29 October with 5175 µg/m3). The
correlation between simulated and measured data at the Sardasht station is low for all
models, with the highest being 0.37. All of the models overestimated dust surface PM10
until 09 UTC on 29 October, but then they underestimated surface dust concentration. At
18 and 21 UTC on 29 October, the maximum measured dust concentration was 1200 µg/m3.
The NOAA/WRF-Chem model produces higher surface dust concentrations than the other
three models, which is consistent with [84].
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Figure 11. The PM10 concentration (µg/m3) of the four models output and the dust monitoring
stations in (a) Urmia (b) Bokan (c) Sardasht stations around Lake Urmia from 27 to 30 October.
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Table 4 presents the correlation coefficients of the four models with measured PM10
data from four Department of Environment stations (Urmia, Sardasht, Salmas, and Bokan)
from 27 to 29 October 2017. The highest correlation was observed for measured sur-
face PM10 and the DREAMABOL model, while the lowest correlation was related to the
NOAA/WRF-Chem model. The DREAMABOL model output and the DREAM-MACC
model exhibited the highest and lowest mean absolute error (MAE), respectively.

Table 4. Correlation, MAE, and RMSE errors of the output of the four models and measured PM10 in
four stations around Lake Urmia.

Model DREAM-MACC DRAMABOL NOAA/WRF-Chem NCEP-NGAC

Correlation 0.36 0.62 0.33 0.32

MAE 344.42 1336.77 1037.10 728.03

4. Conclusions

Dried lakes have gradually become one of the most significant dust sources [85].
Furthermore, climate change and long-term droughts have directly impacted lake drying.
The majority of Lake Urmia has gradually dried up, particularly the southern end. In recent
decades, the number of dust storms originating in this area has increased dramatically [17].

This study included a long-term investigation of the Lake Urmia area. In three nearby
stations east and west of the lake, the annual number of dusty days increased from 2008 to
2017 (except in 2014). From 2000 to 2017, the mean MODIS aerosol optical depth at 550 nm
shows a high AOD over Lake Urmia. AOD time series over the lake revealed a sharp
increase in AOD beginning in 2008 and continuing for the next 18 years. The AOD trend is
completely consistent with the annual total number of dusty days in most stations near
to Lake Urmia. From 2000 to 2017, the NDVI pattern revealed that the index was low in
Lake Urmia and its surrounding area. It was predictable because Lake Urmia is the world’s
second saltiest lake, and its salinity and salty storms impact the vegetation cover and crops
produced in the area around it. The FLDAS model’s mean snowfall rate output showed
that the snowfall rate decreased from 2007 to 2017 (except in 2012) over Lake Urmia, which
is one reason for the lake’s decreasing water level. Another reason is that the lake became
drier as the vegetation cover declined and the temperature rose, raising the dust bed.

Finally, an extreme dust event that happened in October 2017 was investigated over
the study area. On 28 October 2017, a dust storm erupted from Lake Urmia, and stations to
the east of the lake reported dust code 06, so this case was chosen. Nonetheless, another
intense dust storm erupted from the An-Nafud desert-affected area surrounding Lake
Urmia two days later. According to the HYSPLIT model, dust particles originated in the
lake and were transported east over the Caspian Sea. Additionally, the meteorological
stations around the lake reported weather dust codes from 26 to 29 October 2017. On 27
and 28 October 2017, only weather stations in the southeast, east, and northeast of the lake
reported weather dust codes that show the dust storm originated from the lake; the wind
direction is westernly and southwesterly over Lake Urmia and saline dust particles mainly
affect the eastern area.

Furthermore, the dust storms originating from the deserts in Syria, Iraq, and Saudi
Arabia affect the western stations of the lake. In the following days, the western stations of
the lake reported dust as well. Additionally, AOD 550 nm with 10 km resolution clearly
showed high AOD over the lake on 27 October 2017, indicating dust particles raised from
the lake on 27 October.

DREAM-NMME-MACC, NCEP-NGAC DREAMABOL, and NOAA/WRF-Chem were
used to investigate the dust storm event that originated from Lake Urmia in the vicinity
of these lakes. The dust storms studied in September 2017 (Lake Urmia dust storm)
first affected the eastern parts of Lake Urmia, and then another dust storm blew in from
Saudi Arabia’s An-Nafud desert in the north. The DREAMABOL and NOAA/WRF-Chem
models simulated surface dust patterns better at 09 UTC on 27 October 2017, but the
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DREAM-NMME-MACC and NCEP-NGAC models did not. The DREAMABOL model
has a horizontal resolution of 0.4 degrees, the NOAA/WRF-Chem model has a horizontal
resolution of 0.19 degrees, the DREAM-NMME-MACC model has a horizontal resolution
of 1.3 degrees, and the NCEP-NGAC model has a horizontal resolution of 1 degree. The
coarser resolution of the DREAM-NMME-MACC and NCEP-NGAC models is probably
one of the factors that caused them to miss the dust signal from the lake.

The measured and simulated dust concentrations in Urmia, Sardasht, and Bokan
revealed that all four models overestimated the dust concentration in this case. The
majority of model outputs that were correlated with measured data were acceptable in
some stations, but not in others. More research is needed to investigate the performance of
SDS-WAS models in the dust source of Lake Urmia.

Author Contributions: Conceptualization, N.H.H. and A.R.S.A.; methodology, N.H.H. and M.C.G.O.;
software, N.H.H. and A.R.S.A.; validation, N.H.H., M.C.G.O. and M.H.; formal analysis, N.H.H.,
A.R.S.A., M.H. and W.S.; resources, N.H.H., A.R.S.A. and M.C.G.O.; data curation, N.H.H.; writing—
original draft preparation, N.H.H.; writing—review and editing, M.C.G.O., A.R.S.A. and M.H.;
visualization, N.H.H., M.C.G.O. and A.R.S.A.; supervision, W.S. All authors have read and agreed to
the published version of the manuscript.

Funding: Open Access Funding by the University of Graz.

Data Availability Statement: Data sets supporting reported results are: MODIS and MERRA-2 via
Giovanni (https://giovanni.sci.gsfc.nasa.gov/giovanni/, accessed on 20 October 2021). ERA-5 via
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 (accessed on 10 October
2021).

Acknowledgments: The synoptic maps were provided by the ECMWF reanalysis teams. We are also
grateful to NASA for providing MODIS AOD retrievals, NDVI, and actual color images. The authors
would also like to thank the members of SDS-WAS (https://sds-was.aemet.es) for the four model
dust concentration outputs (accessed on 12 October 2021). We appreciate the Iran Meteorological
Organization for reporting the wind direction and dust-related codes. In addition, the Iranian
Department of Environment is recognized for the PM10 monitoring system.

Conflicts of Interest: The authors declare that they have no conflict of interest.

Appendix A. Synoptic Investigation of the Dust Storms

The synoptic-scale meteorological conditions leading to the development of severe
local and large-scale dust storm events were examined for the period from 27 to 30 Octo-
ber 2017. The following atmospheric parameters were examined on composite sea level
pressure and geopotential height charts (Figures A1–A5): MSLP (Mean Sea Level Pressure),
GH (Geopotential Height), Temp (Air Temperature), wind speed, and direction. Within
the MSLP, 850, 500, and 200 hPa geopotential heights are shaded in color and solid line
contours, respectively.

Figure A1 shows the synoptic weather conditions for 26 October. Figure 10a depicts a
high-pressure system centered over Iran, with a ridge extending northeast and over the
Lake Urmia region, and a low-pressure system centered over Saudi Arabia, with a trough
extending to northern Iraq. As a result, it created a gradient pressure over the boundaries of
the two pressure systems, and strong northwesterly winds over northern Iraq. At 850 hPa, a
ridge extended from the center of Iran to the southwest and southern Iraq, with a southerly
wind and a temperature gradient over southeastern Iraq and northeastern Saudi Arabia
(Figure A1b). A longwave trough (solid black contour) with a strong contour gradient still
dominates the southeastern Mediterranean Sea (MS) at 500 hPa (Figure A1c). An upper
high also extended over western Iran at 200 hPa and 500 hPa, with a strong jet stream
located over the southeastern Mediterranean Sea (Figure A1d).

Figure A2 presents the synoptic weather conditions for 27 October. A low-pressure
system centered over the southern Caspian Sea, with two troughs extending west (over
northern Lake Urmia) and south, and strong low-level winds over Iraq and northeast Syria,
created a favorable environment for rising dust (Figure A2a). A cold core high stretched

https://giovanni.sci.gsfc.nasa.gov/giovanni/
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://sds-was.aemet.es
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from the Zagros Mountains to the Black Sea, while a core of low pressure stretched from
Northwest Iran to Iraq. A weak trough was located over the southwest of the Caspian Sea at
850 hPa, and a temperature gradient was located across the northwest of Iran and southeast
of Turkey (Figure A2b). The 500-hPa geopotential heights (Figure A2c) revealed a cutoff low
over the Mediterranean Sea (MS), with a strong gradient contour over the southeast of the
Mediterranean Sea and Northern Iran (the solid black contours) in a 200-hPa geopotential
height pattern (Figure A2d), which was the same as the 500-hPa level. It was associated
with an upper-level anticyclone jet flow over Syria, and an upper-level trough jet flow over
the southeast of the Black Sea, both of which created strong westerly winds over Iran’s
northwest.
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interval is 5 ◦C). (d) 200 hPa GH (the interval is 8 dam) and isotachs (m/s, for more than 30 m/s).
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Figure A2. Same as Figure 10 but for 00 UTC 27 October 2017.

At 00 UTC on 28 October 2017 (Figure A3), two large low-pressure systems (pink and
blue shaded colors) were located north of the Black Sea (BS) and the Northern Red Sea (RS),
resulting in a large trough stretching from the MS through Iraq (Figure A3a). Furthermore,
two large high-pressure systems were located over two sides of the low pressures, and
the northwesterly winds over Iraq were strengthened. A longwave trough was located
over the northwest of the BS, as was a weak trough over the eastern MS. An upper high
extended from Iran to the west of the CS, with southerly winds extending from Saudi
Arabia to Northern Iraq at 850 hPa (Figure A3b). A temperature gradient was observed
across Southeastern Mississippi and Northern Iran. A deep trough located northwest of the
RS at 500 hPa elongated a ridge over Iran and Iraq (Figure A3c). The geopotential height
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at 200 hPa (Figure A3d) was identical to that at the 500 hPa level and associated with an
upper-level anticyclone jet over Iraq and Iran. In addition, two jet streams were merged
across Iran’s northeast.
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Figure A3. Same as Figure 10 but for 00 UTC 28 October 2017.

At 00 UTC on 29 October 2017, a massive low-pressure system was located over
Europe, with two troughs extending over the Mediterranean Sea and the Caspian Sea (CS).
Furthermore, a weak cyclone centered over Iraq (Figure A4a) with a cold front (extending
southward from Iraq and southeast to the northern part of the RS) producing extreme
north-northwesterly winds over Iraq and the northwest of Saudi Arabia. Moreover, there
were two small warm and cold fronts over Eastern Iraq, and a warm front extending
northeastward from Northwest Iraq to Northwest Iran (the fronts are not drawn on the
Figure A4a). The formation of strong winds in this area can result in severe dust storms
that move with the upper winds and affect the wind’s downstream areas after rising
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to the upper level. A long-wave trough extended from Western Turkey and the MS to
Northwestern Iraq at 850 hPa. The temperature gradients were more pronounced along the
westerly portions of the cold front (over the southeast of the MS), and the southerly winds
that stretch from Saudi Arabia to Iraq converged with the westerly winds in Northwestern
Iran (Figure A4b). The contour field revealed an enhanced gradient zone to the east of the
trough axis, which corresponded to a frontal zone. An upper trough was found southeast
of the MS (Figure A4c), with a very long wave and geopotential height gradient (black
contours) from the MS to the Caspian Sea’s south. These favorable conditions point to a
short-wave trough with increased instabilities spreading over parts of Jordan, Syria, Iraq,
and northwest Iran. Figure A4d depicted a 200 hPa chart at 00 UTC on 29 October 2017,
during the dust storm episode’s development. The two jet streams were merged across
Iran’s northwest on this map. Some parts of Iran’s west and northwest are in the right
entrance, characterized by upper-tropospheric divergence associated with vertical motions.
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At 00 UTC on 30 October 2017, a low solid pressure system was located over the
northern BS region, with a trough over the Caspian Sea and a weak trough over the
northwest MS, as well as a high-pressure system centered over the Zagros Mountain
range (Figure A5a). A weak longwave trough was located over the Eastern Mediterranean
Sea at 850 hPa level, and a ridge with a temperature trough was superimposed over the
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Zagros Mountains range (Figure A5b). A strong gradient longwave trough (black contours)
was located over the north of the RS, with Jourdan, Iraq, and Northwest Iran located
downstream of the trough (Figure A5c).
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