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Abstract: Dried lake beds are some of the largest sources of dust in the world and have caused
environmental problems in the surrounding areas in recent decades. In the present work, we studied
the monthly and annual occurrence of dust storms at selected weather stations around Urmia Lake in
northwestern (NW) Iran. Furthermore, we investigated the variations in the daily aerosol optical
depth (AOD at 550 nm) and the Ångström exponent (at 412/470 nm), as well as the vertical profile
of the total aerosol extinction coefficient and AOD at 532 nm, using space-borne MODIS (Moderate
Resolution Imaging Spectroradiometer) Aqua and CALIPSO Satellite LiDAR data over the Urmia
Lake region (36–39◦N, 44–47◦E). The monthly variations of AOD550 and AOD532 for the regions
37–39◦N and 46–59◦E were compared, and it was found that the CALIPSO AOD532 and MODIS
AOD532 (reconstructed using the Ångström exponent) were in good agreement. In general, the dust
storms during 2000–2021 increased the AOD550 above average around the Urmia Lake. The vertical
profile of aerosols showed that the largest contribution to total aerosol loading over the Urmia Lake
was from 1.5–3 km, 1.5–4 km, 1.5–5 km, and 1.5–3 km during winter, spring, summer, and autumn
seasons, respectively.

Keywords: Urmia Lake; Aqua MODIS; aerosol optical depth; CALIPSO; statistical aerosol investigation

1. Introduction

Dust storms are among the most serious natural hazards, affecting climate change [1–5],
marine life [6–8], snow cover and glaciers [9], vegetation, visibility, solar power plants, and
animal lives [10,11], as well as various aspects of human health and lives [12–16]. Dust
particles are the heaviest particles in the atmosphere, and they are attracted to synoptic
scales such as El Niño [17,18] and La Niña [19,20]. Furthermore, the dust storms directly
affect the vegetation cover [21–24], soil texture [25,26], and precipitation rate [27–30].

Deserts are the largest sources of dust storms in the world [31–33]. However, some
dried lakes have suddenly emerged as a significant source of dust worldwide. There are
many dried lake beds in the Middle East and Central Asia. The Aral Sea, located between
Kazakhstan and Uzbekistan [34–38], is one of the most well-known dried lakes. The Hamun
Lakes in the Sistan region in Iran [39–41] and Urmia Lake in Iran’s Middle East [42–44] are
two other sources of dust. The chemical composition and grain size of aerosols lifted by
dust storms from dried lake beds differ from those of desert dust storms and the majority
of saline dust storms lifted from a dried lake [35,45]. Saline aerosols are suspended in the
atmosphere for a long time [46].
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In the last two decades, dust particles from the lake have influenced the adjacent areas.
The number of dust occurrences has grown with significant inverse association to the Urmia
Lake area [35,43], as the dry bed of Urmia Lake is one of the largest saline dust sources in
Iran (mainly salty dust sources). This lake’s water capacity has recently been depleted. As
a result, salty dust storms have become much more common. Although climatic factors
played an important role in shrinkage of the Urmia Lake, the long-term investigations of
climate and human influences on the lake revealed that the human impact on the watershed
played a larger role in the lake’s water body and dryness [47]. On the basis of a 40 year
analysis, Delju et al. [48] revealed that the average precipitation over the lake has reduced by
9% while the average maximum surface temperature has increased by 0.8 ◦C. It is estimated
that the anthropogenic impacts have roughly 80% of the desiccation of the Urmia Lake,
while the climatic causes account for 20% [49]. The dam construction, agricultural irrigation,
and construction of a transportation route across the lake are the primary anthropogenic
factors [50]. The same disaster happened in the Aral Sea, which become one of the worst
disasters in Central Asia after the 1990s [51,52]. This lake has become an important source
of dust and a salt hotspot in the Aralkum desert, which is located on the dried sea bottom,
over the last three decades. The water bodies and vegetation cover decreased dramatically
in the lake, while dust and salt storms increased significantly [53]. The dust storms caused
by the lake mostly affected Kazakhstan, Uzbekistan, and Turkmenistan; however, some
dust storms also recently affected NE Iran, Tajikistan, and Afghanistan [35,51]. The main
cause of lake water loss is an increase in irrigated land area around the lake, the rise of
cotton as the dominant crop, and rapid population growth near the lake [54].

In the current work, we investigate the spatiotemporal dynamic of dust days, as
well as the monthly long-term variations, at the meteorological stations in or near Urmia
Lake, including variations in daily average aerosol optical depth (AOD550) and Ångström
exponent (at 423/470 nm) MODIS Aqua satellite data in 2002–2021, and tropospheric
vertical profiles of aerosol extinction coefficient (at 532 nm) from CALIPSO data from
2006–2021. Although previous studies [44,48,49] examined the variability of dust events
over NW Iran, the current work provides a comprehensive analysis of MODIS aerosol
optical depth at 550 nm, CALIPSO tropospheric profiles of aerosol extinction coefficient at
532 nm, and dust reported by meteorological stations near Urmia Lake.

2. Materials and Methods
2.1. Study Area

Urmia Lake (37–38.5◦N; 45–46◦E) is located at a height of 1273 m above mean sea level
in the northwest (NW) Iran (Figures 1 and 2a). After the Great Salt Lake in the United
States, Urmia Lake is the world’s second-largest salt lake. In recent decades, the lake’s
surface area has ranged between 4600 and 6000 km2, depending on the evaporation rate
and water influx [35,55]. The salt lake is surrounded by mountains and is not drainable.
This lake recently lost the majority of its water body due to several factors, the most
significant of which was the construction of the dams within its catchment. One of the
most significant anthropogenic impacts on the lake’s water household was the construction
of more than 50 dams at the lake’s tributaries in the Urmia Lake catchment for water
removal for irrigation and drinking water supply [55]. In the last two decades, Urmia
Lake’s southern shallow-water portion has been greatly reduced, and this portion was
completely desiccated in some years (Figure 1). The development and operation of more
than 300 aquaculture facilities for fish production around the Urmia Lake, which pump
up groundwater as process water for the aquaculture fish ponds, have disrupted the
groundwater inflow into the lake [35,55], representing another major anthropogenic cause
of the Urmia Lake disaster. Therefore, saline dust storms occur easily from the desiccated
lake bed [44].
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Figure 1. Desiccation of the Urmia Lake in 2000–2020. Here and after, the similar satellite snapshots
were provided courtesy of NASA EOSDIS Worldview at [56].

Figure 2. (a). The study area with some synoptic weather stations and air pollution monitoring
stations (Salmas and Urmia stations located to the west of the lake, Bonab and Tabriz located to the
east of the lake, and Bokan and Sardasht located to the south of the lake) in Urmia Lake area in NW
Iran. (b). View of Lake Urmia from the Kalantari Highway, dividing the lake into two parts (photo C.
Opp 2011).
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2.2. Dataset and Methodology
2.2.1. In Situ Data

The annual frequency of dusty days at fine weather stations surrounding Urmia Lake
was examined in the present study from 2000 to 2020 to investigate the weather codes
associated with dust storms (06, 07–09, 30–35 codes). The total number of dusty days
(monthly) with the 06 and 07–09 weather codes and the monthly number of dusty days
with 06–07 weather codes were investigated for Tabriz and Urmia weather stations. A
dusty day is one in which the weather codes related to dust (06, 07–09, 30–35 codes) were
reported at least once (in eight reports). Table 1 shows the definitions for the dust-related
codes (06, 07, and 30–35), derived from meteorological reports during the study period.
Because the dust codes 08, 09, and 98 are uncommon and reported rarely in this region,
they were not investigated in the current study. Furthermore, the most frequently reported
codes were 06 and 07, while the 30–35 codes were uncommon in the study area.

Table 1. 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

08 Well-developed dust whirl(s) or sand whirl(s) seen at or near the station during
the preceding hour or at the time of observation, but no dust storm or sandstorm

09 Dust storm or sandstorm within sight at the time of observation, or the station
during the preceding hour

30–32 Slight or moderate sandstorms or dust storms
33–35 Severe sandstorms or dust storms

Table 2 shows the longitude, latitude, elevation, and the annual mean number of dust
days at Tabriz and Urmia weather stations from 2000–2021. These two stations serve as
the administrative centers for the two provinces on either side of the lake (West Azerbaijan
Province and East Azerbaijan Province), and their populations are the highest in NW Iran
when compared to other megacities in the region.

Table 2. The two synoptic weather stations around Lake Urmia and the mean annual number of dust
days during 1960–2021.

Synoptic Station Longitude Latitude Elevation Mean Number of Dust Days

Urmia 45.08 37.55 1328 21.67
Tabriz 46.27 35.7 1361 57.82

Urmia City (1332 m a.s.l.; 37.55◦N; 45.08◦E), is 20 km from Urmia Lake. Urmia, the
capital of Iran’s West Azerbaijan province, has a population of about one million people.
Urmia is situated in the Urmia plain, surrounded by Sir Mountain, Qiz Qaleh Mountain,
and Jahudha Mountain. Urmia city is situated between Urmia Lake and the city’s western
mountain wall [40]. Tabriz (1351 m above mean sea level; 38.09◦N; 46.27◦E) is the capital
city of Iran’s East Azerbaijan province. It is the third-largest industrial megacity in the
world, with a population of two million people. Tabriz is a mountain city with a total
area of 1014.45 km2. The city is home to industries such as oil refineries, petrochemical
complexes, and thermal power plants. Tabriz’s industrial units and a large number of
vehicles contribute to one of the city’s major problems with air pollution [57–59]. Because
the dominant wind direction in the Urmia Lake area is southwesterly [44,57,60–63], saline
dust from the Urmia Lake affects Tabriz more.

2.2.2. CALIPSO Aerosol Extinction Coefficient Profiles

Cloud-free vertical profiles of extinction coefficients (ε (km−1)) of total aerosol, dust,
and smoke aerosol at 532 nm wavelength from 2006 to 2021 are obtained by space-based
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satellite LiDAR (i.e., CALIPSO) [64]. Archived monthly tropospheric aerosol extinction
coefficient profiles are the product of averaging all “instantaneous” profiles of the month
within 2◦ × 5◦ cells. The vertical resolution of tropospheric profiles is 60 m; the altitude
range is 0.04–12.04 km a.s.l. (200 layers by 60 m).

The monthly average profiles in the Urmia Lake region refer to the cell 37–39◦N,
45–50◦E (222 km × 445 km; latitude × longitude), which includes the lake itself, and
a mountainous region (average altitude about 1.5 km a.s.l.) to the east from the Urmia
Lake and the southwest of the Caspian Sea (see Figure 3; blue rectangle). All the monthly
average profiles of tropospheric aerosols were extracted for this cell (centered at 38◦N,
47.5◦E, marked with red dots in Figure 3), from which the seasonal profiles were calculated
for the entire period 2006–2021, as well as monthly tropospheric aerosol optical depths of
total aerosol at a wavelength of 532 nm (AOD532).

Figure 3. Snapshot of the Urmia Lake region (September 2003). Cells of 1◦ × 1◦ size are shown, used
for extracting data series of NASA Aqua MODIS aerosol optical depth at 550 nm and Ångström
exponent at 412/470 nm in 2002–2021. The red square delineates the cells of the Urmia Lake region.
The blue rectangle delineates the cell of 5◦ × 2◦ size of monthly CALIPSO aerosol extinction coefficient
at 532 nm profile. The red dot is the nodal point of the cell’s monthly CALIPSO aerosol profiles.

For this cell (centered at 38◦N, 47.5◦E, marked with a red dot in Figure 3), all monthly
average tropospheric profiles of the total aerosol were extracted, from which seasonal
profiles were calculated for the entire period 2006–2021, as well as monthly mean tropo-
spheric aerosol optical depths of the total aerosol at a wavelength of 532 nm (AOD532),
were reconstructed.

AOD532 = ∑εi × 0.06 km,

where εi is the total aerosol extinction coefficient for layer i with a thickness of 0.06 km,
summed over all layers for the range of altitudes of 1.5–12 km a.s.l.

The initial altitude of 1.5 km a.s.l. was chosen to ensure the compatibility between
AOD based on CALIPSO and MODIS satellite measurements, as the latter in the cell
37–39◦N, 46–49◦E refers to heights greater than 1.5 km a.s.l. on average. It is worth noting
that the majority of the surface around Urmia Lake features a mountainous area without
powerful sources of aerosols, such as deserts.

2.2.3. Aqua MODIS Aerosol Optical Depth and Ångström Exponent Time Series

Out of the Terra and Aqua satellites, we chose Aqua because it flies in the same
orbit and nearly simultaneously (2 min ahead) with the CALIPSO satellite. Furthermore,
Aqua crosses the equator closer to noon, at 1:30 p.m. local solar time, 3 h later than Terra.
Because each orbit lasts approximately 90 min, the Aqua satellite passes over the Urmia
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Lake region (about 40◦N) around 1:20 p.m. local solar time (UTC 8:50 a.m.). In the current
work, we used the nine adjacent cells measuring 1◦ × 1◦ (111 km × 89 km; latitude ×
longitude; see Figure 3), and the time series of daily AOD550 and Ångström exponent was
studied for the period 2002–2021. These nine cells cover 333 km × 267 km. The central
cell (C-cell) covers more than 80% of the Urmia Lake and its shallowest part most affected
by desiccation in the 21st century (see Figure 1). The northern cell is the most stable and
deep-water part of the lake, while the remainder of the surrounding cells are relatively
uniform in the underlying surface and topography. Because it is known [65] that algorithms
for reconstructing aerosol parameters from MODIS data work correctly only over a surface
with a constant water/land mask, not over ephemeral reservoirs (to which Urmia Lake
belongs), seven of the nine cells were used (except the northern and central cells). The
direction of the seven cells surrounding Urmia Lake is indicated by the direction on them
relative to the C-cell. There are no power dusting surfaces in the area, such as a desert.
Tabriz is in the southwestern corner of the northeastern (NE) cell (see Figure 3), while
Urmia is in the western corner of the C-cell (see Figure 3).

The resulting daily AOD550 time series for the seven cells were filled at a minimum of
~36% (E-cell) and a maximum of ~70% (SW-cell). The average cell filling rate was ~55%.
Furthermore, the correlation coefficients (hereafter Pearson correlation coefficients) and
their significance level (i.e., p-values) were estimated to assess the statistical relationship
of AOD550 variations over different cells for each pair of AOD550 series. Correlation
coefficients with p ≤ 0.05 were considered statistically significant.

For comparison with the CALIPSO satellite data, the daily AOD550 and daily AE series
were additionally obtained for four 1◦ × 1◦ cells in the area of 37–39◦N, 47–49◦E east of
the Urmia Lake region. Note that the surface within these four cells (except for a narrow
strip near the Caspian Sea) differs little from the surface in the cells surrounding the Urmia
Lake. The same can be said about the height above sea level; it decreases significantly only
near the 49th meridian (see Figure 3). For a correct comparison of AOD532 according to
CALIPSO data with AOD550 according to MODIS data, the latter was converted to AOD532
using the known relation for the Ångström exponent.

τ1

τ2
=
λ1

λ2

−α

,

whereα is the Ångström exponent, τ1 is AOD550, τ2 is AOD532, λ1 = 550 nm, and λ2 = 532 nm.
Hereinafter, AOD532 according to CALIPSO and Aqua MODIS data are designated as CAL-
AOD532 and MOD-AOD532, respectively.

3. Results
3.1. Evolution of Dust Events at Some Stations around the Urmia Lake

The monthly distribution of the total number of the dusty days at Urmia and Tabriz
weather stations near Urmia Lake from 2000 to 2020 is presented in Figure 4a,b. The dusty
days at the stations located in the center of East and West Azerbaijan in NW Iran were
identified by WMO meteorological codes [64]. The majority of dusty days for both stations
were connected with the 06 weather code (nonlocal dust) with most of the dusty days
occurring in May, June, and July. The overall number of dusty days for all the dust codes
was lower for November to February than in the remaining months throughout the study
period under consideration.
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Figure 4. The total number of dusty days per month related to the 06, 07, and 09 weather codes and
the wind roses at the weather stations of (a,c) Urmia City and (b,d) Tabriz City over the 21 years from
2000 to 2020. Here, Calms refer to winds with speeds less than 5 m·s−1.

The driving force for wind is the pressure gradient force. Local and regional winds
are caused by thermal forcing (the temperature and density differences of air) and gravity,
respectively. Due to the land use and topographic features of the study area, in the absence
of large-scale pressure gradients or circulations accompanied by deep cumulus clouds,
local winds are predominant in the area. Local winds have low speeds and prevail in the
region most of the year, and, due to their low speed, it is not possible to create dust in these
winds. Accordingly, the direction of winds with a speed equal to or greater than 5 m·s−1 is
depicted in a wind rose diagram (Figure 4c,d). The wind roses of Urmia and Tabriz stations
depict the frequency of occurrence of winds of more than 5 m·s−1 in each of the specified
wind direction sectors and wind speed classes for the 2000–2020 period. The prevailing
winds at the two stations were southwesterly. The frequency distribution of winds with
a speed of less than 5 m·s−1 in Urmia and Tabriz was 96.75% and 90.25%, respectively.
Although Urmia is 20 km away from the lake, Tabriz’s megacity is more affected by the
Urmia Lake dust storms because of the prevailing wind direction [44].

The monthly number of dusty days at the Tabriz weather station was significantly
higher than that at the Urmia weather station in the vast majority of months throughout the
study period, especially 2009–2013 (see Figure 5a). The proportion of days with weather
code 06 (“nonlocal dust”) for the Urmia weather station was 92%, almost 20% higher than at
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the Tabriz weather station (73%). At the same time, the monthly total number of dusty days
with both codes, 06 and 07 (“local dust”), in 2000–2020 at the Tabriz weather station was
2.2 times higher than at the Urmia weather station. The high correlation coefficient between
the time series, 0.84 (significant at p < 0.01), despite the relatively large distance (about
120 km) between the weather stations, as well as the dominance of the 06 weather code in
the data from both weather stations, indicates that dusty days are associated with intrusions
into the Urmia Lake region of large-scale dusty air masses that cover both weather stations
with a short time interval.

Figure 5. (a) The monthly number of dusty days at the weather stations Tabriz and Urmia in
2000–2020. (b) Monthly mean visibility at the weather stations Tabriz and Urmia in the dusty days in
2000–2020. Courtesy of Iran Meteorological Organization. Timestamps are related to January.

Since southwestern winds dominate near the Urmia Lake [44,60] (Figure 4c,d), it can
be assumed that the increased monthly number of dusty days at the Tabriz weather station
is associated with a local source of dust between the stations, i.e., with the drying surface of
the Urmia Lake. At the same time, the monthly visibilities at these weather stations differ
slightly (see Figure 5b). This may indicate that, on average, the contribution of the Urmia
Lake to the air dust content near the Tabriz weather station is close to the contribution
of long-range aerosol transport to the air dust content. The relatively low correlation
coefficient between the visibility at Urmia and the visibility at Tabriz weather stations, 0.41
(p < 0.01), may indicate significant variability in the contribution of the drying surface of
the Urmia Lake to reduced visibility at the weather station of Tabriz.

Figure 6 depicts the total number of dusty days for all five weather stations near
Urmia Lake from 2000 to 2020. The dust had its highest yearly frequency in the west and
southwest of Iran from 2008 to 2013 [65,66]. This is also the time of a well-known drought in
Iraq (Mesopotamia plains) and Syria [67], which resulted in a significant rise in the number
of dust storms across Iraq, southwest Iran, Kuwait, and northeast Saudi Arabia [61,62].
Dust from Iraq and Syria also impacted NW Iran [44], but the primary cause of dust storms
in this area was the desiccated lake bed of Urmia Lake [43]. In other studies [61,65], dust
frequency was investigated in six stations around Urmia Lake from 2001 to 2016, and
2009–2012 was introduced as the dustiest period in the 17 year duration. This duration is a
coincidence of the severe drought in Iraq and Syria [60]. A severe long drought was also
reported in 2007 and 2008 in the Middle East [61], as well as for different parts of Iran [60].
Tabari et al. [67] investigated droughts in 35 years in NW Iran, and the greatest droughts
happened in 1997–1998 and 2008–2009.
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Figure 6. The total annual number of dusty days at the weather stations Tabriz, Sardasht, Urmia,
Salmas, and Bonab from 2000 to 2020. Courtesy of Iran Meteorological Organization.

3.2. Spatial Distribution of MODIS Mean AOD from Aqua Satellite Data

Figure 7 shows the mean AOD 550 nm of MODIS/Aqua from 2000 to 2021. Further-
more, we used monthly data with a resolution of 1◦ × 1◦ (111 km × 87 km; latitude ×
longitude) during 2000–2021. The mean AOD over Lake Urmia was greater than 0.45 espe-
cially in the southern region, indicating that the increase in dust led to significant aerosol
loading over the Urmia Lake. It is obvious that the saline dust storms mostly originated
from the southern parts, due to its lower depth in comparison with the northern parts (see
Figure 1). Although air pollution and water vapor affect aerosol optical depth (AOD is also
high over the Caspian Sea), only the southern part of Urmia Lake had an AOD 550 nm
above 0.4 in the 22 year duration, revealing the high concentration of dust in NW Iran.

Figure 7. Spatial distribution of MODIS/Aqua mean AOD from 2000 to 2021.

3.3. Tropospheric Aerosol Extinction Coefficient Profiles from CALIPSO Satellite Data

Figure 8a–d show the vertical tropospheric profiles of the total aerosol extinction
coefficient, ε (km−1), according to LiDAR sounding data from the CALIPSO satellite in
2006–2021. Thin gray lines are average monthly profiles, while bold curves are average
seasonal profiles for winter (December–January–February; Figure 8a), spring (March–April–
May; Figure 8b), summer (June–July–August; Figure 8c), and autumn (September–October–
November; Figure 8d) for the entire period of 2006–2021. Each average seasonal profile
was obtained from 48 average monthly profiles obtained from about 6–7 daily profiles.
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Figure 8. Monthly average (thin gray lines) vertical tropospheric aerosol extinction coefficient profiles
according to CALIPSO satellite data in 2006–2021: (a) in winter (December–January–February); (b) in
spring (March–April–May); (c) in summer (June–July–August); (d) in autumn (September–October–
November). Bold black lines show the average seasonal profiles from 2006–2021. Mean surface
elevation in the Urmia Lake region (of 1.5 km) is indicated with the red line.

The red horizontal lines mark the average altitude (1.5 km a.s.l.) in the region; therefore,
the extinction values of the total aerosol below this level were not taken into account in
this work. Note that the sections of the profiles below 1.5 km a.s.l. belonged to the low-
altitude marine and coastal areas of the cell 37–39◦N, 45–50◦E (see Figure 3). Since these
low-altitude areas occupied about one-third of this cell, the profile sections below 1.5 km
a.s.l. were obtained from about one-third (~16) of the monthly average profiles, in contrast
to the profile sections above 1.5 km a.s.l., which were obtained from all 48 profiles. As can
be seen from Figure 7, the largest contribution to the aerosol content above 1.5 km a.s.l. fell
in the altitude range of 1.5–3 km a.s.l. (in winter), 1.5–4 km a.s.l. (in spring), 1.5–5 km a.s.l.
(in summer), and 1.5–3 km a.s.l. (in autumn).

3.4. Variation of Aerosol Optical Depth in the Urmia Lake Region in 2000–2021

Figure 9a shows the Aqua MODIS Deep Blue daily AOD550 variations averaged across
the seven cells near the Urmia Lake (see Figure 3). AOD550 is related to dust storms and
has been used in many studies for investigating dust particles in the atmosphere during
dust storms [68–78]. Figure 9a highlights the dry period 2008–2014 with increased AOD550.
Such a dry duration was also seen in the other parts of the Middle East in 2009–2013 [79–82].
Regions with an AOD550 above the regional background value, 0.2, can be sources of dust
emissions [83], but in regions with no dusty surfaces, high AOD550 values are due to the
transport of dust emitted in other regions [84], possibly not very remote.
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Figure 9. (a) Variations of Aqua MODIS daily (thin line) and monthly mean (bold line) aerosol optical
depth at 550 nm (AOD550) over the Urmia Lake region (by the seven cells averaged) in 2002–2021.
(b) Probability density function (histogram; 1) and probability function (bold line; 2) of AOD550 over
Urmia Lake region (averaged over the seven cells) in 2002–2021. The number at the vertical dotted
line is the lower limit of the 10% highest AOD550.

Figure 9b shows the probability density function and the probability function of
AOD550 over the Urmia Lake region (average over the seven cells). The mean and median
values of the AOD550 distribution were 0.15 and 0.17, respectively. The lower limit of the
10% highest AOD550 values, 0.35, is shown. Below, these 10% highest AOD550 values were
considered as extreme AOD550 values. Seasonal AOD550 averages and lower limits for the
10% highest seasonal AOD550 are shown in Table 3.

Table 3. Lower limits of the 10% highest seasonal AOD550 and seasonal average AOD550 (in brackets)
across seven cells around the Urmia Lake.

Winter Spring Summer Autumn Year

NW 0.29 (0.14) 0.33 (0.18) 0.31 (0.18) 0.24 (0.13) 0.29 (0.16)

W 0.22 (0.11) 0.39 (0.21) 0.37 (0.20) 0.26 (0.13) 0.31 (0.16)

SW 0.17 (0.10) 0.42 (0.23) 0.37 (0.22) 0.29 (0.16) 0.31 (0.18)

SS 0.17 (0.10) 0.39 (0.20) 0.40 (0.23) 0.31 (0.16) 0.32 (0.17)

SE 0.19 (0.10) 0.32 (0.18) 0.44 (0.22) 0.32 (0.14) 0.32 (0.16)

EE 0.26 (0.13) 0.46 (0.19) 0.60 (0.26) 0.40 (0.17) 0.43 (0.16)

NE 0.27 (0.14) 0.44 (0.22) 0.42 (0.23) 0.34 (0.17) 0.37 (0.19)

All 0.22 (0.12) 0.39 (0.20) 0.42 (0.22) 0.31 (0.15) 0.34 (0.17)

The pairwise correlation coefficient between the series of daily AOD550 over the seven
surrounding cells varied in the range of 0.48–0.87 (gray shaded in Table 4) with an average
value of 0.7 (all significant). The pairwise correlation coefficients between the AOD550
series of additional cells A1–A4 ranged from 0.69 to 0.87 (red-shaded in Table 4) with a
mean value of 0.78. The AOD550 variations were most closely related for adjacent cells,
e.g., for E and SE (0.87) and for S and SW (0.82), but worse related for distant cells from
each other. However, even for the most spatially distant cells, SW and A3, the correlation
coefficient was not lower than 0.42. Pair correlation coefficients for the cells near the Urmia
Lake and additional cells A1–A4 were in the range of 0.42–0.84 (green shaded in Table 4)
with an average value of 0.61. When removing from the AOD550 series those related to
the highest decile of the distribution density function, the correlation coefficient decreased
by about 7–11%, i.e., the extreme AOD550 values agreed with the AOD550 series in the
area with a length of 6–7◦ in longitude and 2–3◦ in latitude. When five senior deciles were
removed, the correlation coefficients decreased by 30–40%. This may indicate that dust
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storms that increase AOD550 above the average affect the entire region simultaneously.
Thus, the high correlation of cells belonging to the partially overlapping regions 46–50◦N,
37–39◦E (CALIOP lidar) and 36–39◦N, 44–47◦E (MODIS device) confirms the correctness of
the comparison and conjugate analysis of Aqua and CALIPSO data related to the Urmia
Lake region.

Table 4. Pairwise correlation coefficients between variations Aqua MODIS daily aerosol optical depth
at 550 nm (AOD550) over the seven cells of the Urmia Lake region in 2002–2021 (all statistically
significant at p = 0.05). Correlation coefficients between AOD550 variations: over the cells in the
Urmia Lake region only are colored with gray; over the cells in the Urmia Lake region and over
additional cells east from the Urmia Lake region are colored with green; over the additional cells only
are colored with red.

W NW S SE E NE A2 A1 A4 A3
SW 0.75 0.54 0.82 0.63 0.59 0.48 0.50 0.46 0.46 0.42
W 0.77 0.80 0.75 0.75 0.65 0.61 0.52 0.52 0.47

NW 0.59 0.64 0.70 0.70 0.59 0.57 0.51 0.50
S 0.82 0.77 0.60 0.66 0.57 0.61 0.51

SE 0.87 0.68 0.83 0.66 0.71 0.60
E 0.81 0.84 0.72 0.70 0.63

NE 0.73 0.83 0.70 0.74
A2 0.73 0.81 0.69
A1 0.80 0.87
A4 0.79

Thus, we can conclude that the AOD550 of the seven cells was determined by the
contribution of aerosol from distant sources. As can be seen from Figures 5a and 7a, there
was some similarity between the curves of the monthly number of dusty days at the Urmia
and Tabriz weather stations and the monthly AOD550 averaged over the seven cells. The
correlation coefficient between the monthly AOD550 variations averaged over the seven
cells and the frequency of the total monthly number of dusty days at Urmia and Tabriz
weather stations was 0.64 and 0.59, respectively (all significant).

3.5. Comparison of AOD According to CALIPSO and Aqua Data

Figure 10a shows the average over six cells in the region 46–49◦N, 37–39◦E of the
variation of the monthly mean AOD550 according to MODIS data (MOD-AOD550), as
well as the variation of the mean monthly tropospheric AOD532 in the altitude range of
1.5–12 km a.s.l. (see above) in the area of 37–39◦N, 45–50◦E according to CALIPSO satellite
data (CAL-AOD532). The correlation between the variations was 0.5 (p = 0.05); taking into
account the difference in wavelengths, the AOD values were well matched in terms of
level. It can be seen that in the period 2009–2014, AODs were better correlated than in
2015–2021 (correlation coefficients are 0.53 and 0.3, respectively at p < 0.05). Figure 10b
shows CAL-AOD532 and MOD-AOD550 seasonal averages for 2006–2021, as well as MOD-
AOD532 seasonal averages for 2006–2021 reconstructed from daily MOD-AOD550 and Aqua
MODIS Ångström exponent data (see Section 2.2.3).

As can be seen from Figure 9b, the seasonal averages of CAL-AOD532 and MOD-
AOD532 were in good agreement; the spread between them ranged from ~18% (summer) to
~28% (winter). In general, in the warm (spring–summer) season, CAL-AOD532 and MOD-
AOD532 were better matched than in the cold (autumn–winter) season, which requires
explanation.
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Figure 10. (a) Variations in monthly AOD550 (shaded area) according to Aqua MODIS (MOD-AOD550)
data in 2002–2021 and average monthly AOD532 (dark gray line) according to CALIPSO satellite (CAL-
AOD532) data in 2006–2021. (b) Average seasonal values of CAL-AOD532 according to CALIPSO
data (light gray) in 2006–2021, MOD-AOD550 according to Aqua MODIS data in 2002–2021 (dark
gray), and reconstructed MOD-AOD532 according to MODIS AOD550 and Ångström exponent data
in 2002–2021 (light gray patterned).

4. Conclusions

Mineral dust has the largest fraction of atmospheric aerosols by mass, and it plays an
important role in the Earth’s atmosphere systems [84]. Furthermore, dust particles affect
atmospheric parameters such as radiation by absorbing and scattering shortwave and
longwave radiations [83–86], cloud optical properties [86], and air temperature [87]. Land
and atmospheric factors such as precipitation, wind direction, soil type, and vegetation
cover directly cause rising dust particles and transport to other areas [64,88–91].

This study firstly analyzed the monthly and annual frequency of dusty days at some
weather stations around Urmia Lake for 21 years (2000–2021). The proportion of days with
weather code 06 (“nonlocal dust”) for the Urmia weather station was 92%, almost 20%
higher than at the Tabriz weather station (73%), while the monthly total number of dusty
days with codes 06 and 07 (“local dust”) in 2000–2020 at the Tabriz weather station was
2.2 times higher than at the Urmia weather station. The high correlation coefficient between
the series, 0.84 (significant at p < 0.01), despite the significant distance (about 120 km)
between the weather stations, as well as the dominance of the 06 weather code in the data
from both weather stations, indicates that dusty days are associated with intrusions into
the Urmia Lake region of large-scale dusty air masses that cover both weather stations with
a short time interval. Since southwestern winds dominate near the Urmia Lake, it can be
assumed that the increased frequency of the number of dusty days at the Tabriz weather
station is associated with a local source of dust between the stations, i.e., with the drying
surface of the Urmia Lake. A slight difference in the monthly visibilities at these weather
stations may indicate that, on average, the contribution of the Urmia Lake to the air dust
content near the Tabriz weather station is close to the contribution of long-range aerosol
transport to the air dust content. The low correlation coefficient between the visibilities at
Urmia and Tabriz weather stations, 0.41 (p < 0.01), may indicate significant variability in
the contribution of the drying bottom of the Urmia Lake to reduced visibility at the weather
station of Tabriz.

Analysis of monthly averaged profiles of tropospheric total aerosol extinction coeffi-
cient at 532 nm by CALIPSO satellite data in 2006–2021 showed that the largest contribution
to the aerosol content above 1.5 km a.s.l. (mean altitude in the Urmia Lake region) fell in
the altitude range of 1.5–3 km a.s.l. (in winter), 1.5–4 km a.s.l. (in spring), 1.5–5 km a.s.l.
(in summer), and 1.5–3 km a.s.l. (in autumn).

Variations in the monthly average aerosol optical depth at a wavelength of 550 nm
(AOD550) according to satellite sounding (Aqua MODIS) data for 1◦ × 1◦ cells surrounding
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the dusting surface of the Urmia Lake and an additional area of 37–39◦N, 46–49◦E were
analyzed. It was seen that the daily AOD550 for the cells surrounding the Urmia Lake
varied consistently throughout the study period. Pairwise correlation coefficients for the
cells near the Urmia Lake and the cells in the additional area ranged from 0.42 to 0.84
with an average value of 0.61. When removing from the AOD550 series those related to
the highest decile of the distribution function, the correlation coefficient decreased by
about 7–11%, i.e., the extreme AOD550 values agreed with the AOD550 series in an area
with a length of 6–7◦ in longitude and 2–3◦ in latitude. When five senior deciles were
removed, the correlation coefficients decreased by 30–40%. This may indicate that dust
storms that increase AOD550 above the average affect the entire region simultaneously.
Thus, the high correlation of cells belonging to the partially overlapping regions 46–50◦N,
37–39◦E (CALIOP lidar) and 36–39◦N, 44–47◦E (MODIS device) confirmed the correctness
of the comparison and conjugate analysis of Aqua and CALIPSO data related to the Urmia
Lake region.

Variation of the monthly mean AOD550 according to MODIS data (MOD-AOD550) and
the variation of the mean monthly tropospheric AOD532 in the altitude range of 1.5–12 km
a.s.l. in the area of 37–39◦N, 45–50◦E according to CALIPSO satellite data (CAL-AOD532)
varied with a correlation coefficient of 0.5 (significant at p = 0.05). Taking into account
the difference in wavelengths, the AOD values were well matched in terms of level. In
the period 2009–2014, the AODs were better correlated than in 2015–2021 (correlation
coefficients of 0.53 and 0.3, respectively, at p < 0.05) due to the possibly larger dominance of
distant dust sources in the driest period of 2009–2014 compared with 2015–2021. Seasonal
averages of CAL-AOD532 and MOD-AOD532 (reconstructed using Ångström exponent
data) were in good agreement; the spread between them ranged from 18% (summer) to
28% (winter). In general, in the warm (spring–summer) season, CAL-AOD532 and MOD-
AOD532 were better matched than in the cold (autumn–winter) season, which requires
explanation.
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