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Abstract The main objective of this research work is to sim-
ulate dust storms and evaluate their impacts on air quality and
radiation budget over Iran using WRF-Chem coupled model.
Two appropriately strong dust storms: May 22-25, 2012 and
April 22-25, 2015. According to the results, in the Middle
East, countries where sources with highest emission rates are
placed include Syria, Iraq, Saudi Arabia, Turkmenistan, and
major hot spots inside Iran in the southwestern regions.
During both of above storms, very high dust concentrations
have been simulated. Domain and simulation period average
dust concentration have been estimated to be 402 and 515 png/
m® over Iran during May-2012 and April-2015 dust storms,
respectively. Also, 24 h average dust concentration exceeds
7000 pg/m’ in some regions in the Middle East. Comparison
of simulated and observed extinction coefficients and aerosol
optical depths (AOD) shows an underestimation for domain
averaged AOD. However, spatial and temporal distribution
patterns of dust have been well simulated by the developed
model. Using two parallel simulations with and without dusts,
impacts of dust aerosols on radiation and some meteorological
parameters have been evaluated. According to the results, dust
acrosols led to negative short-wave (SW) radiative perturba-
tion at the earth’s surface and top of atmosphere (TOA). These
radiative perturbations were positive for long-wave (LW) radi-
ation. Stronger negative diurnal perturbations for sensible heat
flux, rather than positive nocturnal perturbation which caused
24 h average perturbation to be negative. Nevertheless, the
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weaker diurnal (negative) rather than nocturnal (positive) sur-
face temperature perturbations made the 24-h average temper-
ature perturbation positive.
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Radiative perturbation - WRF-Chem

Introduction

Dust aerosols are produced mainly by wind erosion in arid and
semi-arid regions around the world. Global dust emission is
estimated to be about 3000 million tons annually (and a sub-
stantial amount of this emitted dust is deposited in the ocean).
However, such estimates vary from 100 to 10,000 million tons
in different studies (Shao 2008). The largest mineral dust
emission sources in the world are located in the Sahara in
the Middle East and central to Eastern Asian desert regions
(Prospero et al. 2002). It is estimated that annual dust emission
rates in these regions, which is also called dust belt, reach
1000—-1300 million tons and attribute to more than three fourth
of the global dust emissions (Ginoux et al. 2012).
Considering extended arid regions, the Middle East fre-
quently experiences dust events. There are four major regions
in the Middle East with most dust haze episodes. Sudan, Saudi
Arabia, Iraq, Iran, Afghanistan, and Pakistan regularly expe-
rience dust storms. However, temporal and spatial distribution
of dust events is not similar in different regions (Rezazadeh
et al. 2013). Arid and semi-arid regions cover about 60% of
Iran (approximately 1 million km?). There are five regions
over Iran where dust events frequently occur. These areas
are Khuzestan Plain in southwestern Iran, coastal plain of
the Persian Gulf, western part of Iran, Tabas region in the east
central part of Iran, and Sistan region in southeast of Iran
(Alizadeh-Choobari et al. 2015). Nevertheless, it is well

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11869-017-0494-8&domain=pdf

1060

Air Qual Atmos Health (2017) 10:1059-1076

accepted that a substantial amount of dust aerosols over Iran is
emitted from transboundary sources, especially western
neighbors such as Iraq and Syria (Shahsavani et al. 2012;
Ashrafi et al. 2014).

Dust storms by injecting a substantial amount of dust par-
ticles into the atmosphere significantly affect the ambient air
quality, climate, and human health in a wide range of ways.
Particulate matters’ concentration and consequently air quality
index (AQI) might increase sharply during dust events and
reach much higher values of the ambient air quality standards
(Huang et al. 2013; Aryal et al. 2015). Several studies show
that human exposure to high concentration of dust aerosols,
especially fine particles, causes adverse health impacts such as
cardiovascular disease, lung cancer, and premature mortality
(Kakikawa et al. 2008; Giannadaki et al. 2014). Furthermore,
interaction of dust and radiation has significant impacts on the
Earth’s energy balance. Dust aerosols directly affect the
Earth’s radiation budget by absorbing or scattering both
short-wave (generally cooling effect) and long-wave (gener-
ally warming effect) radiation (Zhao et al. 2011; Choobari
et al. 2014). On the other hand, the interaction between dust
aerosols and clouds, which is called indirect effect, leads to
modification in cloud’s properties such as its microphysics
and optical properties (Mahowald and Kiehl 2003; Satheesh
and Krishna Moorthy 2005). Dust particles, also, have im-
pacts on precipitation process by being used as cloud conden-
sation or ice nuclei (DeMott et al. 2010; Kumar et al. 2011).

Several regional studies have been carried out on dust
storm simulation and its impact on optical properties and ra-
diation for different regions around the world. In one of such
studies, dust transport from the Taklimakan Desert to Tibetan
Plateau is simulated (Chen et al. 2013). The dust-induced
radiative forcing is estimated to be —5.58 W/m? at the surface
and —3.97 W/m? at top of the atmosphere over the Tibetan
Plateau. Also, the results of modeling surface radiative forcing
over the Gobi Desert and the North China Plain are estimated
to be —21.1 and —13.1 W/m?, respectively, during a typical
Asian dust storm (Liu et al. 2016). Kumar et al. (2014) eval-
uated the influences of a pre-monsoon dust storm on aerosol
optical depth (AOD) and radiative perturbation over northern
India. The average AOD value calculated in that study was
about 0.68. Nevertheless, the observed MODIS average AOD
indicates an underestimate in model results. Furthermore, a
study on a winter-time dust event in the Arabian Peninsula
estimates 18.4 Tg dust emission during the event
(Kalenderski et al. 2013). The mean instantaneous radiative
forcing over this region is estimated to be —14.1 W/m?.
However, the maximum value reaches —205 W/m? over the
Arabian Sea.

As mentioned above, dust storms and their impacts are
simulated in many studies. However, very limited, if any, re-
search focused on modeling the impacts of dust storms over
Iran. Therefore, the main objective of this research work is to
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numerically simulate emission sources, spatial and temporal
distribution of dust aerosols, and the impacts of severe dust
storms on optical properties and radiative perturbation over
Iran. The paper is structured as follows: in “Model and data”
section, the model (including settings and schemes) and ob-
servational data which have been used for this investigation
are described. In “Results and discussion” section, the results
of the simulation are discussed and compared with observa-
tions in five subsections. Finally, in the “Conclusions” section
of this paper, the results and findings of this work have been
concluded.

Model and data
WRF-Chem model

The weather research and forecasting model coupled with
chemistry (WRF-Chem) is a state-of-the-art three-
dimensional Eulerian chemical transport model. The dynamic
solver core of the meteorology model (WRF) is based on fully
compressible non-hydrostatic (also with a run-time hydrostat-
ic option) Euler equations (Skamarock et al. 2008). The model
consists of five main categories for physics options: micro-
physics, cumulus parameterization, planetary boundary layer,
land surface model, and radiation. The fully online coupled
chemistry component of the model uses same schemes and
options used in meteorological component such as transport
and physics schemes, time steps, and grids. The chemistry
section of the model is composed of various schemes such
as transport of chemical species, gas-phase and aerosol chem-
istry, aerosol-radiation feedback, aerosol emission and depo-
sition, and photolysis frequencies (Grell et al. 2005).

For the present investigation, version 3.7.1 of WRF-Chem
has been used in order to simulate dust emission and distribu-
tion, and also optical properties and radiative effects of min-
eral dust aerosols in the atmosphere during dust storms. As
shown in Fig. 1, two domains are considered; the main do-
main covers most parts of the Middle East region (approxi-
mately latitude of 12° to 43° N, and longitude of 33° to 68° E)
including Saudi Arabia, Iraq, Syria, Iran, Turkmenistan, and
some parts of Afghanistan, Pakistan, and Turkey. The main
domain consists of 120 x 120 horizontal grids with a spatial
resolution of 30 km, and temporal resolution of 180 s. The
nested domain is used in order to provide more focus and
details over Iran. This domain covers Iran as well as some
parts of neighboring countries such as Iraq, Saudi Arabia,
Pakistan, and Turkmenistan (approximately latitude of 24°
to 39° N, and longitude of 45° to 64° E). For this domain,
the number of grids increased to 192 x 180 with the horizontal
resolution of 10 km and temporal resolution of 60 s. It should
be noted that in this article, any results over Iran refer to the
nested domain which also includes some regions outside of
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Fig. 1 Model domain shows
vegetation fraction (%). Red
rectangle indicates the nested
domain. Blue circles show
location of cities with air quality
stations’ data and purple square
shows location of AERONET
station used in this study
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Iranian boundaries, except where otherwise stated. There are
30 vertical layers for both domains which continue to atmo-
spheric pressure of 50 hPa (about 20 km) from the surface.
Resolution of vertical layers varies from about 60 m near the
surface to about 850 m for the top layer.

Considering the different properties of various schemes
and results of the similar studies (e.g., Kumar et al. 2014),
Purdue Lin microphysics scheme for water vapor and precip-
itation processes (Lin et al. 1983), Rapid Radiative Transport
Model (RRTM) for both short-wave and long-wave radiation
transfer (Mlawer et al. 1997), and Grell-3D scheme for param-
eterizing of sub-grid effects of convective and shallow clouds
(Grell and Dévényi 2002) have been used. Also, MMS5 simi-
larity theory (Paulson 1970) for surface layer scheme has been
selected, in which parameters like friction velocities and ex-
change coefficients are calculated. Moisture and heat fluxes
have been provided using NOAH land surface model (Chen
and Dudhia 2001) and also results from surface layer scheme.
Furthermore, planetary boundary layer processes parameteri-
zation has been done by Yonsei University scheme (YSU)
(Hong et al. 20006).

The second generation of Regional Acid Deposition Model
(RADM?2) (Stockwell et al. 1990) has been used for gas-phase
chemical mechanism. This model includes 14 stable species, 4

10 15 20 > 0 ES)

reactive intermediates, and 3 abundant species (oxygen, nitro-
gen, and water) of inorganic chemicals, and also 26 stable spe-
cies and 16 peroxy radicals of organic chemicals (Grell et al.
2005). For this study, processes of different types of aerosols
(e.g., sulfate, black carbon, organic carbon, dust, and sea salt)
have been calculated by Goddard Chemistry Aerosol Radiation
and Transport (GOCART) (Ginoux et al. 2001; Chin et al.
2002). In addition, the inputs for the emission of anthropogenic
pollutants including nitrogen oxides, greenhouse gases, volatile
organic compounds (VOCs), and other species have been pro-
vided by using the REanalysis of the TROpospheric chemical
composition (RETRO) (Schultz et al. 2007), as well as the
Emission Database for Global Atmospheric Research
(EDGAR) (Olivier et al. 1994) with a grid resolution of, respec-
tively, 0.5° and 1.0°. Finally, the initial and lateral boundary
conditions for meteorological fields were derived from Final
Analysis (FNL) data, provided by National Center for
Environmental Prediction (NCEP). The FNL data is available
in 1.0° grid resolution and 6 h temporal resolution.

GOCART dust scheme (Ginoux et al. 2001) is used to
calculate dust emission flux (F},) by the following equation:

Fo— CSSp(ul()m)z(uIOm_ut)a Ulom > Uy (1)
r 0, U10m <U;
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where C is an empirical proportionality constant (pg.s*.m ),
S is the source function based on fraction of erodible soil, s,,
represents the fraction of each size bin of dust, ug, is the
horizontal wind speed at the altitude of 10 m, and u, indicates
threshold velocity for dust emission which is depended on
particle size and surface moisture. The default value of C is
1 ug.sz.m_5 (Ginoux et al. 2001). However, this constant is
highly tunable for different conditions and regions to the ex-
tent that this value varies from 0.4 (Zhao et al. 2010;
Kalenderski et al. 2013) to 22 ug.sz.mf5 (Kumar et al. 2014)
in different studies. For this study, the value of C initially has
been tuned to 1.9 ug.s’>.m > which was proposed for using
over Iran (Alizadeh-Choobari et al. 2014). Comparison be-
tween the estimated results and observational data obtained
from Aerosol Robotic Network (AERONET) and air quality
stations indicates an underestimate in both AOD and surface
concentration. Therefore, the value of C has been increased to
4.0 pg.s®>.m > to achieve more accurate results.

Observational data

Three types of observational data have been used in this in-
vestigation for model configuration, determining dust storms
and simulation period, and comparison with the model results.
The first type is the data obtained from air quality monitoring
stations in eight large cities throughout Iran (see Fig. 1). The
other types of data are provided by AERONET (Holben et al.
2001). More than 600 globally distributed sites are used by
AERONET for ground-based remote sensing of acrosol opti-
cal properties including AOD and single scattering albedo
(SSA) in three quality levels. In addition, remote sensing data
from different satellites have been used in the current work
including Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Atmospheric Infrared Sounder (AIRS).
MODIS is an instrument, designed and launched by NASA,
aboard on Aqua and Terra satellites in order to improve scien-
tific understanding of processes occurring on the land, and in
the ocean and lower troposphere. AIRS is also a scanning
instrument aboard on NASA’s Aqua satellite for observing
and characterizing atmospheric column for surface emissivity,
profiles of temperature and humidity, and other atmospheric
fields.

Using observational data for model configuration has been
discussed in previous subsection. The comparison of model
results and observations will also be discussed later in this
article. In the following, the method used for identifying dust
storms and simulation period are described. As mentioned
earlier, the focus of the simulation is on Iran. Therefore, dust
events with considerable both intensity and extensity have
been searched for in order to evaluate the impacts of dust
events all-over Iran. Mindful of the fact that PM,, concentra-
tion is a better indicator for dust aerosols’ mass concentration,
rather than PM, 5 (Mahowald et al. 2014), the PM;,
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concentrations, obtained from air quality monitoring stations,
have been evaluated for eight large cities over Iran. This eval-
uation shows that in comparison with other cities higher con-
centration of PM is, usually, observed in Ahvaz. Thus, the
days on which the PM;, concentrations were high (higher
than 400 pug/m’ in Ahvaz and 200 pug/m’ in other cities) at
least in three cities have been recorded. Nevertheless, depend-
ing only on monitoring stations’ data could lead to greater
uncertainties due to contribution of other types of aerosols,
as well as lack of the stations’ coverage for some parts of
the country. Data obtained from AIRS have been used in order
to increase the level of confidence in determining dust storms
period. A product of AIRS which is called “Dust Score” has
been used to evaluate the days with high dust concentrations.
It should be noted that for some days and regions there were
considerable differences between these two types of data.
Finally, two dust storms (May 22-25, 2012 and April 22—
25, 2015) have been identified as simulation periods by com-
parison of satellite and monitoring stations data. According to
the results of the sensitivity analysis done by Zhang et al.
(2015), a 48-h spin-up time is, also, considered before the
simulation period.

Results and discussion
Dust emission rates

Using Eq. (1), dust emission rates are calculated for both do-
mains. Figure 2 presents dust emission rates and wind vector
fields at height of 10 m over the Middle East and Iran averaged
over simulation periods. Strong winds, particularly northwest-
erly and westerly, over regions with low vegetation fraction
(Fig. 1) and low altitudes (not pictured) bring about very high
rates of dust emissions. Average wind speed (at height of 10 m)
over the region which has been influenced predominantly by
the Shamal winds (latitude of 21° to 37° N and longitude of 37°
to 52° E) was 5.0 m/s during May-2012 dust event and 5.6 m/s
during April-2015 dust event. However, the maximum wind
speed in this region exceeds 18 m/s. For both dust storms, the
sources with highest emission rates in the Middle East are Iraq
alluvial plain, the Syrian Desert, the Arabian Desert (particular-
ly Rub al-Khali and Ad-Dahna deserts), and the Karakum
Desert in Turkmenistan. Nevertheless, for May-2012 dust
event, central and southern arid regions of Oman were also
among major emission sources. In addition to mentioned
sources, the Makran Desert and Sistan Basin in Pakistan and
Afghanistan also have a high dust emission rate. The most
important emission source inside Iran is Khuzestan plain locat-
ed in southwest of Iran (approximately 30-33° N and 48-50°
E). There are also some other dust emission sources in Iran
including Bushehr, Hormozgan, Sistan, and Baluchestan prov-
inces in south and south east of Iran, Kavir and Lut Deserts, and
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Fig. 2 Ten meter wind vector fields and spatial distribution of dust emission rates averaged over simulation period during May-2012

(left) and April-2015 (right) dust events

some provinces like Ilam located in west of Iran. The results
show that 35 and 44 Tg dust emitted during May-2012 and
April-2015 dust storms, respectively, over the nested domain.
An approximate estimation from the results indicates that the
contribution of emission sources inside Iran to total emission
rate is about 7.1% for the first dust storm and about 8.0% for the
second event.

As mentioned above, Khuzestan Province had much higher
emission rate rather than other regions in Iran. The 24-h aver-
age emission rates for Khuzestan Province are respectively
154, 41, 62, and 64 ug.m_z.s_1 during May-2012 dust event
and 123, 54, 152, and 109 pg.m %s ' during April-2015 dust
event.

Spatial distribution and impacts on air quality

The simulation results have been compared with different ob-
servational data which have been described in “Observational
data” section. At the first step, MODIS (aboard Aqua)
corrected reflectance (true color) images have been used in
order to compare the spatial distribution of dust plume with
the results of WRF-Chem simulation. Figure 3a shows a com-
bination of four MODIS true color images over the simulation
domain on 23 May 2012 between 09:05 to 10:50 AM. Since
dust aerosols in all vertical levels are shown in MODIS im-
ages, these images have been compared with dust load (col-
umn concentration) simulated by WRF-Chem at 10:00 AM on

the same day (see Fig. 3b). Model results, similar to MODIS
image, show a dense dust plume extended over southwestern
to eastern parts of the Arabian Desert and high dust loads over
northern coastal zones of the Persian Gulf. In MODIS image,
also, dust aerosols can be detected over the Red Sea. However,
model calculated high dust load over only a limited part of the
Red Sea. Due to high cloud fraction on northern regions of the
model domain, it is hard to compare model and MODIS im-
age. Nevertheless, small visible part of the Caspian Sea indi-
cates an overestimate of dust load by model for this region.

Similarly, a combination of multiple true color images cap-
tured by MODIS (Aqua) on April 25, 2015 between 08:45 to
10:30 AM (Fig. 3¢) is compared with simulated dust load at
10:00 AM on the same day (Fig. 3d). The comparison shows
that the model simulates dust load distribution correctly over
the Arabian Desert, the Red Sea, and Turkmenistan.

Due to high wind speeds over regions with major dust emis-
sion sources (see Fig. 2), a considerable amount of dust particles
is transported to the downstream regions. As shown in Fig. 4,
May-2012 dust storm started by very high concentrations of dust
over Iraq, coastal zones of the Persian Gulf, Oman, and some
regions of Turkmenistan and the Caspian Sea on May 22. For
instance, 24 h average surface dust concentration on this day
exceeds 7500 pg/m® over Balkan region in Turkmenistan. On
the following day (May 23), dust plume extended to the south of
Saudi Arabia and central regions of Iran. Simultaneously, dust
emission of sources in southeast of Iran leads to high
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Fig.3 Corrected reflectance image retrieved from MODIS at 09:00 to 10:50 on May 23, 2012 (a) and at 08:45 to 10:30 on April 25, 2015 (¢). Dust load
simulated by WRF-Chem at 10:00 on May 23, 2012 (b) and at 10:00 on April 25, 2015 (d)

concentration of dust over regions like Sistan and Baluchistan
(border of Iran with Pakistan and Afghanistan). Decreasing trend
of concentrations started on the third day (May 24), particularly
for Iran and Turkmenistan. However, dust plume still remained
over Iraq, south of Saudi Arabia, and some coastal regions of the
Persian Gulf. Finally, on the last day of the dust event (May 25),
high dust concentration restricted to only southeast of the
Arabian Peninsula.

According to the results for April 2015 (see Fig. 5), dust
storm started on April 22 when a dense dust plume formed
over Iraq and some costal zones of the Persian Gulf. On the
second day of the dust event (April 23), there is not any major
change in the spatial distribution of dust concentration, except
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the slight increase over Turkmenistan and some parts of Iran,
particularly western and central regions. A significant increase
in dust concentration occurred on the third day (April 24)
when most parts of Iraq, east of Saudi Arabia, and the
Persian Gulf’s coasts experienced very high dust loads. The
dust plume on the last day of dust storm (April 25) not only
has a great expansion, but also has an increase in concentra-
tion. On this day, most parts of Saudi Arabia (from the Red
Sea to the Persian Gulf) and Turkmenistan affected by very
high dust loads to the extent that 24 h average surface dust
concentration reached 6200 p1g/m’ over central part of Rub al-
Khali Desert. In addition, Irag, Oman, and central and south
regions in Iran experience considerable dust concentration.
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Fig. 4 Spatial distribution of 24-h average dust concentration on 22 (a), 23 (b), 24 (c), and 25 (d) May 2012

Figure 6 presents domain averaged dust mass concentration’s
vertical profile and time series for the nested domain (Iran). As it
is shown, dust particles in May-2012 dust event ascended to
higher altitudes (approximately 12 km) rather than April-2015
event (approximately 10 km). However, low concentrations (less
than 75 pg/m’) are calculated above altitude of approximately
3 km and, also, dust concentrations above altitude of 6 km are
almost negligible (less than 15 pg/m?).

Even though dust concentration in neighboring countries
reaches higher values than Iran, simulated dust storms still
have significant adverse impacts on air quality of cities
throughout Iran. Surface dust concentration over Iran aver-
aged over simulation period was 402 pg/m> for May-2012
event, and 515 ug/m’ for April-2015 event. Considering the
standard PM;, ambient concentration set by Iranian

Department of Environment (150 pg/m?®), dust concentrations
exceed the standard limit in many cities in Iran, even without
considering other types of particulate matters. Because of the
proximity to major emission sources and lying on downstream
direction, air quality in cities like Ahvaz and Shiraz affected
by dust storms more severely rather than other cities.
Particularly, high altitudes of the Zagros Mountains prevent
dust plumes from reaching central regions of Iran. More de-
tails on dust concentration in different cities in Iran are sum-
marized in Table 1.

Impacts on aerosol optical properties

The presence of dust particles in the atmosphere could affect
the aerosol optical properties by absorbing and scattering of
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Fig. 5 Spatial distribution of 24-h average dust concentration on 22 (a), 23 (b), 24 (c), and 25 (d) April 2015

incident radiation. Several optical properties of acrosols such
as SSA, extinction coefficient, and AOD are calculated by the
schemes used in WRF-Chem model. In the following, results
for the extinction coefficient and AOD are presented and
discussed. Figure 7 shows the vertical profiles of extinction
coefficient at 550 nm in three cities (Ahvaz, Shiraz, and
Isfahan) in Iran at 05:00 on May 23, 2012 and April 23,
2015. As expected, extinction coefficient which is an indicator
for the attenuation of radiation per unit of length has an inverse
relation with the altitude, to the extent that extinction coeffi-
cient approaches to zero above 4 km altitude. The vertical
profiles of extinction coefficient are very similar to profiles
of dust concentration at the same time (not shown) which
indicates insignificant effect of other types of particulate mat-
ters on optical properties during strong dust storms. However,
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this might also be due to underestimation in the emission of
other types of aerosols.

In addition to true color images, using the same date and
time, AOD at 550 nm retrieved by MODIS (Aqua) has been
compared with the simulation. Choosing combined Deep Blue
and Dark Target AOD from MODIS products provides us to
have more observation coverage over the simulation domain,
particularly over bright surfaces such as deserts. However,
there are still some parts of the domain which are not covered
by MODIS observations. Also, impact of clouds on retrieving
AOD (Feng et al. 2011) and limited temporal coverage of
MODIS observations (twice a day) make the comparison re-
stricted to a very few observations. The thick dust plume ob-
served in Fig. 3a (on May 23, 2012) caused very high AOD
extended from southern part of the Arabian Desert to central
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Table 1  Twenty-four-hour average surface dust concentration over parts of Iran (Fig. 8a)'_HoweYer’ the model has Calculat.ed hlgh
several cities in Iran, simulated by WRF-Chem (all units are pg/m’) AOD only at the Arabian Peninsula and smaller AOD is simu-
. lated over Iran (see Fig. 8b). Due to lack of data (white regions in
May-2012 April-2015 Fig. 8a, c), comparison is not possible in some parts of the do-
2ond 23rd 24th 25th 22nd 23rd  24th  25th main such as the Ca§p1an Sea. As it is shown 1n.F1g. 8c, d, there is
an acceptable consistency between AOD retrieved by MODIS
Ahvaz 1613 824 1427 1164 2213 1084 1592 980 and simulated AOD by the model for April-2015 dust event.
§3f1 aﬁN’ 48.7E) 175 418 271 130 105 244 206 86 Nevertheless, limited available data show an overestimate of
(2 ) 7?\? 51.7E) AOD in Turkmenistan. It should also be noted that a small dust
Mashhad 64 72 174 255 8 578 384 315 plume visible in both MODIS images (see Figs. 3¢ and 8c) near
(36.3N, 59.6E) 34° N, 52° E (west of the Kavir Desert) is not well simulated by
Shiraz 130 336 213 192 95 380 251 352  \WRF-Chem.
(29.6N, 52.6E) AERONET aerosol optical depth product has also been used
Tabriz 57 488 22 63 139 364 291 410 b pth p . \
(38.1N, 46.3E) in order to evaluate results of the model. Lack of stations with
Tehran 51 59 110 53 159 126 176 166 available/credible data during simulation period in Iran prompted
(357N, 51.4E) the authors to use only stations outside Iran. However, there are
Zahedan 50 269 301 147 33 51 186 129

(29.5N, 60.9E)

still only few stations with available data outside Iran. Therefore,
stations with level 1.5 data (automatically cloud cleared but not
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Ahvaz, Shiraz, and Isfahan at 5:00 on May 23, 2012 (fop) and at 5:00 on
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quality assured) have been considered in lieu of level 2 data
(automatically cloud cleared, and pre- and post-field calibration
applied). Finally, Kuwait University station (29.3° N, 48.0° E)
has been chosen for the comparison (see Fig. 1). Result of the
comparison is shown in Fig. 9. Totally, there are more underes-
timates during two simulated dust storms rather than few over-
estimates. One of the possible reasons for underestimated AOD
by model would be the high uncertainties in anthropogenic aero-
sols emissions in southern and western Asia (Nair et al. 2012).
Furthermore, paucity of quality-assured observation might also
exacerbate the inconsistency between simulation results and ob-
servational data. Similar to the comparison with AOD retrieved
by MODIS, evaluation of AERONET data indicates that the
model simulated AOD during April-2015 more accurately than
May-2012 dust storm.

Optical depth or thickness has been calculated by vertically
integrating the extinction coefficient from ground surface to a
given altitude. Optical depth (dimensionless) indicates the to-
tal attenuation of incident radiation between surface and a
given altitude due to absorption and scattering by aerosols
and gases. High dust concentrations during simulated dust
storms significantly impact aerosol optical depth. As it is
shown in Fig. 10, the high values of AOD are calculated
where there are high concentrations of dust aerosols. For
May-2012 dust storm, the AOD averaged over simulation
period and domain is 0.26 in Middle East and 0.34 in Iran.
However, 24 h averaged AOD reached much higher values in

@ Springer

regions under thick dust plume. For instance, average AOD on
May 24 exceeds 2.4 in south of the Arabian Peninsula. It
should also be noted that instantaneous AOD reached 4.0 in
the same place. During April-2015, also, high values of aero-
sol optical depth are simulated. Time period and domain-
averaged AOD over the Middle East and Iran are 0.19 and
0.30, respectively. Also, maximum 24 h average and instan-
taneous AOD have been simulated, both in the Karakum
Desert in Turkmenistan, 1.9 and 3.9, respectively. The results
indicate that AOD in neighboring arid regions of Iran has
higher values rather than inside Iran. Nevertheless, regions
with low dust concentrations in the Middle East such as
Turkey and the Arabian Sea reduce the domain-averaged
AOD in the Middle East.

Impacts on radiation budget

Two parallel simulations have been used in order to determine
the impacts of dust particles on radiative flux at surface, top of
atmosphere (TOA), and in the atmosphere. In the first simu-
lation, all of the atmospheric pollutants have been considered,
and the second simulation consists of all atmospheric pollut-
ants except dust. Therefore, the difference between these two
simulations shows the impact of dust aerosols on radiation
budget.

Various terms are used to describe the impacts of aerosols
on radiation. There are, however, some differences in their
definitions. For instance, direct radiative effect (DRE) means
instantaneous impact of aerosols on radiation, but direct radi-
ative forcing (DRF) is the difference in DRE between pre-
industrial and present day (Heald et al. 2014). Kumar et al.
(2014) also proposed that radiation perturbation is more ap-
propriate term in as much as the impacts of dust on radiation
could also affect the distribution of clouds. As a result, radia-
tive perturbation has been used in this investigation to de-
scribe the effects of dust aerosols on radiation. Radiative per-
turbation (F) is calculated using the following equation
(McComiskey et al. 2008):

F=(fol=fa1)-(fol=fo) (2)

where f, and f; denote radiative fluxes with and without pres-
ence of aerosols, respectively. Also, | indicates down welling
flux and 1 indicates upwelling flux in Eq. (2).

In the presented work, daytime radiation perturbation
(07:30 to 18:30 local time) for short-wave (SW), long-wave
(LW), and net (SW + LW) radiations has been calculated and
the results are illustrated in Figs. 11 and 12. For both case
studies, high concentration of dust significantly affects radia-
tion. The strongest radiative perturbations have occurred at the
surface for SW radiation. This negative perturbation is largely
due to attenuation of incoming radiation at the surface which
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Fig. 8 AOD at 550 nm retrieved from MODIS at 09:00 to 10:50 on May 23, 2012 (a) and at 08:45 to 10:30 on April 25, 2015 (¢). AOD at 550 nm
simulated by WRF-Chem at 10:00 on May 23, 2012 (b) and at 10:00 on April 25, 2015 (d)

is caused by absorption and scattering of incident radiation by
dust aerosols. During May-2012 and April-2015 dust storms,
the average surface SW radiative perturbations in Iran were
—24.2 and —21.7 W/mz, respectively. However, the maximum
instantaneous perturbation is calculated to be —340 W/m? over
the Caspian Sea, near the border of Iran and Azerbaijan, and
—147 W/m? over the Persian Gulf for the two simulated dust
storms. Also, simulation period and domain-averaged pertur-
bation is estimated —18.8 and —13.5 W/m® over Middle East
during May-2012 and April-2015 dust events, respectively.
In contrast with surface, SW radiative perturbations at TOA
have moderate values and the negative and positive perturbations
are almost balanced. It also has to be noted that surface albedo

affects TOA perturbation significantly, to the extent that TOA
radiative perturbation is positive over bright surfaces such as
deserts and negative over dark surfaces such as oceans.
However, average perturbation at TOA is negative and much
slighter than perturbation at surface (see Figs. 11 and 12).
Domain and simulation period-averaged TOA radiative pertur-
bations are estimated —0.31 and —3.6 W/m? over the Middle East
and Iran, respectively, for May-2012 dust storm. Similarly, these
values for April-2015 dust storm are simulated —0.37 and
—3.9 W/m?” over Middle East and Iran, respectively. Results for
SW radiation in the atmosphere show strong positive radiative
perturbation, since it is calculated by subtracting the surface from
TOA perturbation. Average radiation perturbation in the
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atmosphere over simulation period and domain are 20.6 and
17.8 W/m? over Iran, respectively, for May-2012 and April-
2015 dust events.

Dust aerosols affect LW radiation in a different way. The
downward long-wave re-emission of absorbed radiation and
also trapping LW radiation from surface of the Earth by dust
aerosols layer lead to a positive radiation perturbation at sur-
face. At top of atmosphere, also, perturbation is positive but
weak. As a result, calculated LW radiative perturbation in the
atmosphere becomes negative. Nevertheless, LW perturba-
tions, for all levels, are slighter than SW perturbation.
Therefore, net radiative perturbation is more similar to SW
perturbation. More details about the results of radiative per-
turbation are summarized in Table 2.

Impacts on meteorological parameters

The interaction between dust aerosols and radiation has also
considerable effects on meteorological conditions. In this sec-
tion, the impacts of dust storms on two meteorological fields,
using parallel simulations, have been evaluated including sur-
face sensible heat flux and surface temperature averaged over
local daytime (07:30 to 18:30), nighttime (20:30 to 04:30),
and 24 h separately.

As shown in Fig. 13, for both dust storms strong day-
time negative heat flux perturbation is calculated due large-
ly to absorption and scattering of incident light by dust
particles. For instance, simulation period and domain-
averaged perturbation of sensible heat flux are —5.4 and
—5.0 W/m? over Iran for the first and second simulated dust
events, respectively. However, maximum instantaneous
heat flux perturbation over Iran reached —134 W/m? in
May-2012 dust event and —110 W/m? in April-2015. It

NST
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Aerosol Optical Depth
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Fig. 10 Spatial distribution of average AOD at 550 nm during May-2012 (a) and April-2015 (b) dust events
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Fig. 11 Radiative perturbation of dust aerosols, averaged over simulation period for SW (top row), LW (middle row), and Net (bottom row) radiations at
surface (left column), TOA (right column), and in the atmosphere (middle column) during May-2012 dust storm

has to be noted that in arid regions outside of Iran stronger
perturbations are simulated. For example, instantaneous
sensible heat flux exceeds —162 W/m” over the Karakum
Desert in Turkmenistan. Nighttime positive dust-induced
perturbations of heat flux are rather slighter than negative
daytime perturbations, to the extent that average nighttime
perturbations, for both dust storms, do not exceed 1.6 W/

m? over Iran. As a result, 24 h average heat flux perturba-
tion is negative in almost all of the domain, particularly in
regions with high dust concentration, with average values
of —2.3 and —1.8 W/m” during May-2012 and April-2015
dust events, respectively.

Similar to sensible heat flux, dust aerosols have a day-
time cooling effect and nighttime warming effect on
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Fig. 12 Radiative perturbation of dust acrosols, averaged over simulation period for SW (fop row), LW (middle row), and Net (bottom row) radiations at
surface (left column), TOA (right column), and in the atmosphere (middle column) during April-2015 dust storm

surface temperature. Nevertheless, the main difference  averaged daytime and nighttime temperature perturba-
between these two parameters is that nighttime positive  tions are —0.21 and 0.44 K during both simulated dust
temperature perturbation is slightly stronger than negative  storms. However, much stronger instantaneous perturba-
daytime perturbation. Therefore, dust aerosols have a to-  tions have occurred during both events. For instance,
tal warming effect on 24 h average surface temperature  daytime temperature perturbation is calculated —13.4 K
(see Fig. 14). Over Iran, simulation period and domain-  at 10:00 AM on May 23 2012 near border of Iran and
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Table 2 Results of domain and simulation period averaged, and maximum instantaneous radiative perturbation over Iran

May-2012 April-2015

SFC ATM TOA SFC ATM TOA

Ave Max Ave Max Ave Max Ave Max Ave Max Ave Max
SW —24.2 =340 20.6 118 -3.6 —234 -21.7 —147 17.8 102 -3.9 -112
Lw 9.7 69.0 7.6 —53.8 2.1 77.2 9.6 55.9 =1.7 —48.0 1.9 375
Net —-14.5 -299 13.0 94.3 -1.5 —221 —12.1 -134 10.1 60.8 -2.0 109

Turkmenistan, and nighttime temperature perturbation ex-
ceeds 6.5 K near Riyadh City on April 25, 2015 at
01:00 AM.

Conclusions

WRF-Chem model has been used in this research work to
simulate two strong dust storms (May 22-25, 2012 and

April 22-25, 2015) and their impacts on the Middle East with
a focus on Iran. The dust storms have been identified using
data provided by satellite remote sensing and air quality mon-
itoring stations throughout Iran. Total dusts emitted from the
nested domain are 35 and 44 Tg during May-2012 and April-
2015 dust events, respectively. Iraq Alluvial plain, the Syrian
Desert, Rub al-Khali and Ad-Dahna deserts in Saudi Arabia,
and the Karakum Desert in Turkmenistan are identified as
major dust emission sources. Also, in Iran, Khuzestan plain
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Fig. 13 Daytime (left column), nighttime (middle column), and 24 h (right column) sensible heat flux perturbation averaged over simulation period
during May-2012 (upper row) and April-2015 (lower row) dust events
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Fig. 14 Daytime (left column), nighttime (middle column), and 24 h (right column) surface temperature perturbation averaged over simulation period
during May-2012 (upper row) and April-2015 (lower row) dust events

has much higher dust emission rates than the other sources.  of extinction coefficient have been calculated near the surface
However, total emission in Iran is only a small fraction of total and, as expected, the values decrease at higher elevations.
dust emitted in the Middle East. Two simulated dust storms  Also, AOD for both dust events reached very high values
had serious adverse impacts on air quality of cities throughout ~ under the dust plume to the extent that instantaneous AOD
Iran, particularly cities like Ahvaz closest to the major dust is calculated 4.0 in the southern Arabian Peninsula. However,
emission sources. For instance, 24 h dust concentration ex-  in comparison with AOD retrieved by MODIS, there is a
ceeds 1600 pg/m’ on the first day of May-2012 dust event in  general underestimate of AOD by the model, particularly for
Ahvaz. Nevertheless, complex topography such as high alti- ~ May-2012 dust event. High uncertainties of anthropogenic
tudes of the Zagros Mountains prevents dust plume from  aerosols might be a reason for this underestimate. It has to
reaching cities in central regions of Iran such as Tehran. It  be noted that AOD over Turkmenistan are overestimated for
has to be noted that dust concentrations had much higher  both dust storms. Consequently, presence of dust’s high con-
values in neighboring countries and 24 h averaged values  centrations caused considerable impacts on radiation budget.
reached over 7000 pg/m’® in some regions like the Rub al-  The strongest radiative perturbations have occurred at surface
Khali and Karakum deserts. In addition, the results of the = and for SW radiation. The domain-averaged SW radiative
simulation have been compared with the observations. The  perturbation during simulation period has been calculated

comparison of the results with true color images retrieved by ~ —24.2 and —21.7 W/m? at the surface over Iran, respectively,
MODIS shows that the model could simulate dust spatial dis-  for May-2012 and April-2015 dust storms. Radiative pertur-
tribution over the domain. bations at TOA are much slighter than perturbations at the

The results of the simulation indicate the significant im-  surface and very dependent on surface albedo. There are also

pacts of dust storms on aerosol optical properties. High values  rather strong positive perturbations in the atmosphere. Since
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weaker radiative perturbations have been calculated for LW
radiation at all levels, distribution of net radiative perturbation
is closer to SW perturbation rather than LW.

Simulated dust storms had also considerable effects on
some meteorological fields. For both case studies, sensible
heat flux at the surface has reduced in the daytime and in-
creased in the nighttime. However, 24 h average heat flux
perturbation is still negative. Results show that there is a neg-
ative diurnal temperature perturbation and a stronger positive
nocturnal perturbation. As a result, 24 h average temperature
perturbation has a warming effect.
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