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Super dust storms occurred over the Middle East and southwest Asia on March 2012. These storms reduced the air
quality over the Gulf Region, Iraq, Iran, and Pakistan. Airports were shut down due to poor visibility, schools were
closed, and hundreds of people were hospitalized with respiratory problems. In order to better understand the ef-
fects of such dust storms we have analyzed aerosol optical and radiative properties during this event using data
from the Moderate Resolution Imaging Spectroradiometer and the Aerosol Robotic Network. Maximum aerosol
optical depth (AOD) values occurred on the18th of March in Kuwait, Bahrain, Qatar, and Saudi Arabia, where values

IS?:;V::S:I‘HS of 4.9, 4.4, 4.3, and 4.9 were recorded, respectively. In Oman, the Arabian Sea, and Iran, maximum AOD values
AOD occurred on the 19th of March, reaching 4.5, 5, and 5, respectively. The dust storm then spread across Pakistan,
Size distribution passing through Multan, Faisalabad, and Lahore where maximum AOD values of 2.1, 2.6, and 2.7, respectively,
SSA were attained on the 20th of March. The maximum aerosol volume size distributions (VSDs) in Lahore occurred

Radiative forcing on dusty days and minimum VSDs on non-dusty days. The VSD, single scattering albedo, refractive index, and

asymmetry parameter values on dusty days suggested that dust aerosols were predominant over anthropogenic
aerosols in these urban environments. The shortwave aerosol radiative forcing (ARF) values (on both dusty and
non-dusty days) ranged between —50 W m ™2 and — 194 W m~2 (average: — 114 + 40 W m~2) at the earth's sur-
face, and between —31 W m~2 and — 105 W m~2 (average: —58 + 25 W m~2) at the top of the atmosphere
(TOA). The longwave aerosol ARF values ranged between +6 W m™2 and +20 W m™2 (average: +12 + 4 W
m~2) at the earth's surface, and between +7 W m~2 and + 30 W m~2 (average: +16 & 7 W m~2) at the TOA.

Longwave radiations therefore produced significant warming, both at the TOA and at the earth's surface.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Dust storms cause significant perturbations in the radiation-energy
balance of the earth's atmospheric system, in atmospheric heating
and stability (Alpert, Kishcha, Shtivelman, Krichak, & Joseph, 2004),
in chemical and biological ecosystems (Singh, Prasad, Kayetha, &
Kafatos, 2008), and in ambient air quality and human health (Nastos,
Kampanis, Giaouzaki, & Matzarakis, 2011). Different natural mineral
dust particles may either absorb or scatter radiation (ultra violet, visible,
and infrared), resulting in either “positive forcing”, i.e. heating, or
“negative forcing”, i.e. cooling (Alpert et al., 1998; Liao & Seinfeld,
1998; Miller, Perlwitz, & Tegen, 2004; Sinha & Harries, 1997; Sokolin
& Toon, 1996; Tegen, Lacis, & Fung, 1996). Mineral dust aerosols reflect
shortwave (SW) radiation within the atmospheric window channel
back into space resulting in cooling of the Earth's system, but longwave
(LW) radiation is absorbed resulting in a warming effect (Xia and Zong,
2009). Variations in the properties, transport, and dynamics of different
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mineral dust aerosols have been investigated by Almeida (1987),
Prospero and Carlson (1972), and Tegen and Fung (1994). Dust storms
can have considerable impacts on the hydrological cycle, on climate var-
iability, and on ambient air quality (Golitsyn & Gillette, 1993; Kaufman,
Tanre', & Boucher, 2002; Miller, Tegen, & Perlwitz, 2004; Parungo et al.,
1995; Prospero, Ginoux, Torres, Nicholson, & Gill, 2002; Ramanathan,
Crutzen, Kiehl, & Rosenfeld, 2001; Tegen et al., 1996).

Dust particles can alter the surface radiation budget leading to
changes in the temperature of the earth's surface and consequently
influencing the exchange processes between the earth's surface and at-
mosphere, as well as atmospheric dynamics. Accurate estimation of the
radiative impact of mineral dust storms is therefore important, particu-
larly because of their broad spatial distributions and large optical depths
(Mishra and Tripathi, 2008). Changes in the aerosol radiative forcing
(ARF) of the troposphere due to dust storm activity over the western
Sahara Desert and eastern tropical North Atlantic Ocean have previously
been investigated by Alpert et al. (1998). The vertical distribution of
dust aerosols has a large influence on RF, and on the climate (Forster
et al., 2007;Huang et al., 2009; Zhu et al., 2007). Liao and Seinfeld
(1998) reported that clear-sky long-wave RF and cloudy sky top-of-
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atmosphere (TOA) SW RF are very sensitive to the dust layer. Mineral
dust has also been found to be the main factor affecting aerosol optical
depth (AOD) in various arid regions of the world (Houghton et al.,
2001; Tegen et al., 1997).

Dust storms originating from arid and desert areas in Africa (e.g., the
Sahara Desert), the Middle East, Saudi Arabia, and India (e.g., the Thar
Desert) often travel to the coastal areas of Pakistan and contribute to
the total aerosol loading over various regions of Pakistan. Variations in
the optical properties of dust aerosols over the Indo-Gangetic plains
have been reported by Prasad et al. (Prasad and Singh, 2007; Prasad
etal., 2007). Some general optical properties of dust aerosol over Lahore
and Karachi have previously been analyzed by Alam, Trautmann, and
Blaschke (2012) using AERONET data, and the frequency of dust storms
over southwest Asia has been discussed by Husar et al. (2001) and
Middleton (1986).

Dust storms result in changes to aerosol loading in the troposphere
over southwest Asia during the pre-monsoon season and influence
the rainfall distribution because dust aerosols alter the earth's radiative
balance, either directly by extinguishing solar and Earth radiation, or in-
directly by acting as, or enhancing, cloud condensation nuclei (CCN),
thereby affecting the cloud albedo, cloud lifetime, precipitation rate,
and hydrological cycle (Charlson & Heintzenberg, 1995; Hansen, Sato,
& Ruedy, 1997). Changes in radiative forcing have an effect on the mon-
soonal circulation and such changes induced by dust storms can have a
major influence on the strength of the monsoon (Miller & Tegen, 1998;
Ramanathan et al,, 2001). Ground-based observations and satellite data
are very important for monitoring dust events and estimating ARF.

In this study we have used Moderate Resolution Imaging
Spectroradiometer (MODIS) data to analyze aerosol properties over
the Middle East and southwest Asia during dust storms that several
meteorologists have characterized as super dust storm (NASA Earth
Observatory Natural Hazards, 2012). We also investigated aerosol
optical and radiative properties over Lahore (Pakistan) during dusty
and non-dusty days on March 2012 using both Aerosol Robotic Network
(AERONET) and MODIS data. The pathways and possible source regions
for the dust storm events were also investigated by back-trajectory
analysis using a Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model. In addition to aerosol characteristics, ARF values
at the earth's surface and at the TOA were calculated for different
episodes of the dust storm using the Santa Barbara DISORT Atmo-
spheric Radiative Transfer (SBDART) model (Ricchiazzi, Yang, Gautier,
& Sowle, 1998).

2. Data

Spatio-temporal variations in AOD during the strong dust storm
event over the Middle East and southwest Asia were analyzed using
MODIS data. It was also considered to be important to analyze the aero-
sol characteristics, including optical and radiative properties, during the
dust storm, for which AERONET data would have been the best option.
Unfortunately however, AERONET data were not available over the
dust storm period for the sites in Bahrain, Saudi Arabia, and Kuwait;
we therefore used data from the Lahore AERONET site.

2.1. Aerosol Robotic Network (AERONET)

The CIMEL sky radiometer is the standard AERONET instru-
ment for measuring direct sun and diffuse sky radiances within the
340-1020 nm and 440-1020 nm spectral ranges, respectively (Holben
et al., 1998). An inversion algorithm was used to retrieve aerosol
volume size distributions for radii ranging from 0.05 to 15 pm, while
spectrally dependent complex refractive indexes (RIs), single scattering
albedos (SSAs) and asymmetry (ASY) parameters were obtained from
spectral sun and sky radiance data. The detailed aerosol properties
retrieved were used for calculating broad brand fluxes within the spec-
tral range from 0.2 to 4.0 um. The AERONET data are available at three

levels - level 1.0 (unscreened), level 1.5 (cloud screened; Smirnov
et al., 2000), or level 2.0 (quality assured; Holben et al., 1998) - and
can be downloaded from the AERONET website (http://aeronet.gsfc.
nasa.gov/). For this study we used AERONET level 2.0 data from both
direct sun (AOD) and inversion products (SSA, ASY, RI) for the
month of March, 2012. The uncertainty in AOD retrieval under cloud-
free conditions was <4-0.01 for wavelengths >440 nm, and <4-0.02
for shorter wavelengths, which is less than the 4 5% uncertainty for
the retrieval of sky radiance measurements (Dubovik et al., 2000).
The retrieval accuracy has been explained in detail by Dubovik
et al. (2002).

2.2. Moderate Resolution Imaging Spectroradiometer (MODIS)

MODIS instruments are installed on the Terra and Aqua satellites
which were launched in December 1999 and May 2002, respectively.
They offer high radiometric sensitivity (12 bit) over 36 spectral bands
with wavelengths ranging from 0.41 pm to 14.4 pm. The spatial resolu-
tion of the MODIS instrument varies with the spectral band, ranging
from 250 m to 1.0 km at nadir. The MODIS instruments offer an unprec-
edented opportunity to examine terrestrial, atmospheric, and oceanic
phenomena around the world. MODIS instruments measure the AOD
with an estimated error of 4(0.05 + 0.157) over land (Chu et al,,
2002) and 0.03 4 0.05 over the ocean (Remer et al., 2005). The opera-
tional MODIS aerosol retrieval algorithm has recently been improved
in order to correct systematic biases in the MODIS algorithm used previ-
ously (Levy et al., 2007; Remer et al., 2005). The MOD04 AOD daily data
products from Terra and Aqua Deep Blue AOD with a spatial resolution
of 10 x 10 km from 1st March to 31st March, 2012 are utilized in this
study. We have chosen this Deep Blue AOD product for the desert re-
gions (Saudi Arabia, Persian Gulf, southeast Iran, southwest Pakistan)
rather than the standard AOD product. In addition, the MODIS surface
albedo product was also used. More detailed information on algorithms
for the retrieval of aerosol data is available at http://modis-atmos.gsfc.
nasa.gov.

2.3. Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO)

CALIPSO was launched on 28 April 2006 to study radiative effects of
aerosols and clouds on climate. CALIPSO carries the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP), a two wavelength polarization
Lidar (532 and 1064 nm). It provides information on the vertical distri-
bution of aerosols and clouds, cloud particle phases, and classification
of aerosol size (Winker, Hunt, & McGill, 2007). Detailed discussion on
CALIPSO and its instruments is provided by Hunt et al. (2009) and
Winker, Pelon, and McCormick (2003).

3. Results and discussion
3.1. Formation of dust events and meteorological situation

Iraq, Saudi Arabia, and the Persian Gulf form a hot-spot region that
has reported the highest occurrence of dust storms (Kutiel & Furman,
2003). Dust storms in Saudi Arabia, the Persian Gulf, Iraq, and Iran,
on the Arabian Peninsula, and in southwestern Pakistan are more
frequent in spring and summer than in autumn and winter. Two sepa-
rate dust storms occurred over the Middle East and southwest Asia in
March, 2012.

Due to a high pressure zone that formed over eastern Syria on
March 17th, 2012 and a low pressure zone over northern Iraq, winds ac-
celerated rapidly towards Iraq resulting in the development of a super
dust storm that quickly spread across Iraq. High temperatures increased
the likelihood of a dust storm by rendering unstable the atmospheric
layers close to the ground surface. Airborne dust particles were blown
towards the southeast and into Saudi Arabia, and the resulting dust
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storm spread over thousands of kilometers from Iraq to the Red Sea via
Kuwait, Bahrain, Qatar, and Saudi Arabia (Fig. 1), and from the Red Sea
to Afghanistan and Pakistan via Saudi Arabia, Oman, Iran and the Arabi-
an Sea (Fig. 1). On March 18th dusty conditions reached the United Arab
Emirates (UAE), but with a reduced intensity as the high pressure
caused most of the dusty air to move clockwise into central Saudi
Arabia and the Yemen. On March 19th the low and high pressures trav-
eled eastward remaining in close proximity to each other, thus estab-
lishing steep pressure gradients over southeast Iran and southwest
Pakistan that resulted in an unusually large second dust storm in the
region. The dust storm then migrated southward towards Oman and
the north-eastern coastlines of the UAE. On March 20th the dust
storm spread eastwards towards Pakistan, reaching the cities of Multan,
Faisalabad, and Lahore. On March 2012 dust storm reduced the air qual-
ity over the Gulf Region, Iraq, Iran, and Pakistan (Multan, Faisalabad, and
Lahore). It disrupted air traffic in Fujairah (where visibility was down
to less than 500 m and the airport was shut down) and Yemen, closed
schools, and resulted in hundreds of people being sent to hospital
with respiratory problems (Kazmi & Vaidya, 2012).

The plumes of second dust from the storm were thick enough to ob-
scure the land and water surfaces from space. The dust whipped up by
the storm came from the fine sediments of sand seas and transient
lakes along the borders between Iran, Pakistan, and Afghanistan.

3.2. AOD variations during the dust storm

Variations in AOD during the March 2012 dust storms were studied
using MODIS and AERONET data at a wavelength of 550 nm for
various locations in the Middle East and south-west Asia, including
Kuwait (Wafra), Bahrain, Qatar (Doha), Saudi Arabia (Riyadh), Oman
(Muscat), the Arabian Sea, Iran (Chabahar), and Pakistan (Lahore).
The maximum AODs in Kuwait, Bahrain, Qatar, and Saudi Arabia were
recorded on the 18th of March, reaching values of 4.9, 4.4, 4.3, and 4.9
respectively (see Fig. 2 a, b, ¢, & d). The maximum AODs in Oman,
over the Arabian Sea, and in Iran were recorded on the 19th of March,
with values reaching 4.6, 5, and 5, respectively (Fig. 2 e, f, & g).
The dust storm then traveled into Pakistan and passed over Multan,
Faisalabad, and Lahore, where the maximum AOD values were 2.1, 2.6,
and 2.7, respectively, recorded on the 20th of March. The intense dust

storm was observed over Lahore on the 20th and 21st of March. The
AOD variability on those days, based on AERONET level-2 data, is
shown in Fig. 3 (a & b). The figure reveals that AOD values were greater
than 2.4 on the 20th of March. The AOD on the 20th of March ranged
from 1.95 to 2.45 with an average of 2.17 + 0.13, while on the
21st of March the AOD ranged from 1.26 to 1.48 with an average of
1.38 &+ 0.07. The dust was observed over Lahore on the 20th, 21st, and
22nd of March, with dust plumes captured by the MODIS Terra satellite
these dates (Fig. 4). The dust, which reached a maximum on the 20th
and 21st of March, originated from Iraq, southeast Iran, and southwest
Pakistan. The two dust storms developed in Iraq and southeast Iran
and southwest Pakistan and then traveled to the Gulf Region and then
back to Pakistan.

The relationship between MODIS and AERONET AODs was addition-
ally analyzed in order to confirm that MODIS AOD retrievals are good
enough for the condition of this study. This is particularly important
since AERONET AOD values were only available for Lahore site. The
daily MODISaop and daily average of AERONETop data values were
used for the month of March, 2012 over Lahore. For validation, the
daily mean AODs of 500 nm from AERONET were first interpolated to
a common wavelength of 550 nm of MODIS using the power law

-

550
AODs = AODsoomn (*° /)
500

where o is the (440-870 nm) Angstrom exponent (Alam, Trautmann, &
Blaschke, 2011).

Fig. 3c shows the comparison of MODISsop and AERONETop in
March, 2012. The MODISop values were highly correlated with that
of AERONETop, with a correlation coefficient of 0.96. The comparison
showed that MODIS,op values are in good agreement with that of
AERONETop values. The results suggested that the MODIS sensor pro-
vided an excellent AOD estimate over Lahore.

The source of the dust storms and the path that it followed before
reaching Lahore have been analyzed by computing seven day back-
trajectories using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (Draxler & Rolph, 2003). The meteorologi-
cal input for the trajectory model was the Global Data Assimilation
(GDAS) dataset (reprocessed from the U.S. National Centres for
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Fig. 1. The dust track along with back trajectory. The dust storms raging across southwest Asia and Middle East in March, 2012. The dust sweeping across Iraq, Saudi Arabia, Oman, Qatar,

the United Arab Emirates, the Arabian Sea, Iran, and southwest Pakistan.
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Fig. 2. Variability of MODIS AOD during dusty and non-dusty days over (a) Riyadh, (b) Bahrain, (c) Doha, (d) Wafra, (e) the Arabian Sea, (f) Chabahar, (g) Muscat, and (h) Lahore.
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of March. (¢) Intercomparison between MODIS and AERONET AOD over Lahore.

Environmental Prediction by the Air Resources Laboratory). Since the
AOD is a measure of columnar aerosol content, the back trajectories
were computed within the studied region at three different altitudes
above ground level (500 m, 1500 m, and 2500 m). The HYSPLIT back-
trajectory analysis revealed that the air masses reached Lahore from
Saudi Arabia, the UAE, Kuwait, and Iraq (see Fig. 5.). Local aerosol
sources (e.g., locally derived dust due to industry, biomass burning,
and vehicular emissions) can be seen to have contributed to an increase
in aerosol concentrations over the cities in Pakistan (Alam, Blaschke,
et al,, 2011; Alam, Qureshi, et al., 2011; Alam, Trautmann, et al, 2011;
Alam et al,, 2012).

The aerosol subtype profile from Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) measurements (https://
www-calipso.larc.nasa.gov) on the 20th of March is shown in Fig. 5b.
This figure reveals that a well-mixed dust layer occurred over the
Lahore area in Pakistan (closest CALIPSO approach approximately
100-200 km). The aerosol types identified by CALIPSO in the vicinity
of the study regions include both dust and polluted dust, but dust aero-
sols were dominant over the anthropogenic (polluted) aerosols. The
CALIPSO aerosol profile indicated a layer of thick dust (carrying coarser
particles) extending from the surface to an altitude of about 7 km (see
Fig. 5b). The high aerosol concentrations over Lahore may therefore
have been due to dust transported from afar, with lesser contributions
from local sources.

3.3. Aerosol volume size distribution

The aerosol volume size distribution (VSD) is an important parame-
ter due to the radiative impact that aerosol particles may have on
climate. The AERONET aerosol VSD for March 2012 was determined
from sun photometer measurements using 22 radius size bins ranging
from 0.05 pm to 15 pum. The VSD has a two-mode structure that can be
characterized by the sum of two lognormal distributions, as follows:

(lnrflnrvv,») g

2
i

2
dlnr Z

— Zno,

where 0; is the standard deviation, r,; is the volume median radius, and
Cy,i is the volume concentration for fine and coarse modes (Alam,
Blaschke, et al., 2011; Xia et al.,, 2005; Zheng et al., 2008).

Fig. 6a illustrates the variation in the AERONET aerosol VSD during
March 2012, showing a clear distinction between dusty and non-dusty
days. There are two peaks, one between 0.05 and 0.25 pm and the
other between 0.25 and 10 pm, representing two modes (fine and
coarse) for the entire particle size distribution, i.e. fine and coarse
modes for dusty (20th, 21st, and 22nd of March, 2012) and non-dusty
days (15th, 17th, and 18th of March, 2012). The coarse mode aerosol
particles (0.25-10 um) show a significant increase in particle volume
compared to non-dusty days, indicating the presence of mineral dust
particles due to the dust storms. The different VSD peaks for dusty and
non-dusty days are due to differences in other characteristics of the
aerosol particles, as well as their radii. The peaks show a gradual in-
crease in height as the AOD increases due to the dust storm. The maxi-
mum aerosol VSD peaks occurred at radii of 1.70 and 2.24 ym on the
dusty-days, with the corresponding heights of the peaks being 1.69
and 1.57. These values are significantly higher than those reported by
Prasad and Singh (2007) for dust storms that occurred between 2001
and 2005 over the Indo-Gangetic plains. The peaks of the maxima are
sharp for the dusty days (20th and 21st of March) but relatively flat
for the non-dusty days (15th, 17th, and 18th of March). Fig. 6b shows
the diurnal variation in the AERONET aerosol VSD during dusty days
(20th and 21st of March). The aerosol VSD values in the coarse mode
are comparatively higher in the afternoon than in the morning. On the
contrary, in the fine mode aerosol VSD values are a slightly higher in
the morning than in the afternoon. The maximum aerosol VSD peak
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Fig. 4. MODIS derived spatial and temporal variations in dust over Lahore.

was 1.81 and this occurred at radius of 2.24 in the afternoon. The differ-
ences in diurnal variations of aerosol VSD during the dusty days are in
the range from 0.10 to 0.24. The coarse mode aerosol VSD showed a 3
to 6-fold increase during the dust event compared to non-dusty days,
whereas no significant change was observed in the fine mode aerosol
VSD. A very similar variation in aerosol VSD during dust events has
also been reported over the Indo-Gangetic Basin (Dey, Tripathi, Singh,
& Holben, 2004).

3.4. Single scattering albedo and asymmetry parameter

The single scattering albedo (SSA) and the asymmetry (ASY)
parameters are very important for determining the aerosol radiative
forcing effects (Alam et al., 2012). The SSA is the ratio of the scattering
efficiency to the total extinction efficiency of the dust particles
and provides important information on the scattering and absorption
properties of aerosols. This paper focuses on optical properties and
solar heating effects during the dust storm over Lahore and column-
averaged data from AERONET were therefore used to characterize the
variability of these radiatively relevant parameters during the dust
storm in March, 2012. The SSA is determined by the extinction optical
thickness Texe (N) and the scattering optical thickness Tscae (N). The
procedure involved in the retrieval of the SSA has been discussed by
Dubovik et al. (2000). Fig. 7a shows the variability of the SSA during
dusty and non-dusty days. There is a large increase in the SSA on
dusty days compared to non-dusty days, for all wavelengths (440,
675, 870, and 1020 nm). The SSA varied from 0.87 to 0.95 on non-
dusty days, and from 0.92 to 0.99 on dusty days. The maximum SSA
value of 0.99 occurred at a wavelength of 1020 nm, which is an indica-
tion of the dust aerosol. The SSA increased with wavelength suggesting
that the SSA is wavelength dependent; it increased with wavelength

on both dusty and non-dusty days. This increase in SSA with wave-
length shows that aerosol particles are predominantly scattering in be-
havior and larger in size, instead of absorbing particles (Dey et al.,
2004; Shettle & Fenn, 1979). Fig. 7b illustrates the diurnal variations
in SSA during dusty days (March 20th and 21st). The results revealed
that SSA variation on the 20th of March is higher than on the 21st of
March. The differences in diurnal variations in SSA on dusty days at a
wavelength of 440 nm are in the range of 0.002-0.04. Likewise, the
differences in diurnal variations in SSA at 1020 nm on dusty days are
in the range of 0.0008-0.01. Dubovik et al. (2002) found the spectral
difference in ASSA (SSA1020 nm — SSA440 nm) to be greater than 0.05
for mineral dust particles. Prasad et al. (2007) calculated ASSA during
dusty days, which were 0.051, 0.060, 0.061, 0.070 and 0.073. Our
results also match very well with the results made by Dubovik et al.
(2002) and Prasad and Singh (2007). In our study the spectral differ-
ence ASSA was 0.073 and 0.074 for dusty days (March 20th and 21st,
respectively). The maximum SSA values, which occurred on dusty
days, were 0.99 and 0.98 on the 20th and 21st of March, respec-
tively, at a wavelength of 1020 nm. The SSA reported during the
dust storm that occurred over south Asia in 2010 was 0.925 (Dey
et al,, 2004; Sharma, Singh, & Kaskaoutis, 2012). The SSA of dust
particles over eastern Asia (China) has been found to be around
0.90 at 500 nm. Low SSA values were recorded by Kim et al.
(20044, 2004b) during dust storms over Korea and Japan and the
optical properties of these dust storms were shown to be similar
to those of their dust source regions around Dunhuang in western
China and Mandalgovi in Mongolia. The SSA values for dust storms
over eastern Asia (China-Japan) have been observed to decrease
with higher wavelengths. This was interpreted as being due to
mixing with the large pool of anthropogenic aerosol pollution de-
rived from absorbing soot and organic aerosols from fossil fuel
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Fig. 5. (a) Seven-day back-trajectories ending at Lahore on the 18th and 19th of March, 2012. (b) CALIPSO retrieved aerosol classification (sub-type profile) over the studied region.

combustion (coal-petroleum), and from the burning of biomass where 6 is the angle between the incident and scattered radiation

(Chameides, Yu, Liu, et al., 1999). and P (\,0) is the phase function (angular distribution of scattered
The ASY is the cosine-weighted average of the scattering angle for light).

the scattered radiation: The ASY is dependent on the size and composition of the parti-

cles and is a key property controlling the aerosol contribution to

ASY(\) = 1 / m cos(8)P(\, 0) sin(6)do rgdiativg forcing. The situ.ation.for which ASY.= 1‘corresponds to t!le

20 light being scattered entirely in a forward direction (6 = 0°) while
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Fig. 6. (a) AERONET volume size distributions over Lahore during dusty and non-dusty
days. (b) Diurnal variations in AERONET volume size distribution on the 20th and
21st of March.

ASY = —1 corresponds to the light being scattered entirely in a back-
ward direction (6 = 180°). Where ASY = 0 this corresponds to the
light being scattered uniformly in all directions (isotropic scattering).
The variations in the total ASY (ASY-T) for both modes (fine and
coarse), and the coarse ASY (ASY-C) for dusty and non-dusty days
over Lahore are shown in Fig. 7 (¢ & d). The ASY showed marked spec-
tral variation over the study period, with higher values at shorter
wavelengths. ASY-C values on non-dusty days varied from 0.80 at
440 nm to 0.73 at 1020 nm, and on dusty days from 0.78 at 440 nm
to 0.73 at 1020 nm. Similarly, ASY-T values varied from 0.71 at
440 nm to 0.69 at 1020 nm on non-dusty days, and from 0.75 at
440 nm to 0.72 at 1020 nm on dusty days. The ASY-T values were
higher in the near infrared region than in the visible spectral region
on non-dusty days, with the reverse being true on dusty days. ASY-C
values were higher in the visible spectral region than in the near infra-
red region on both non-dusty and dusty days. The higher values (over
0.80 at 440 nm) reflect a dominance of dust aerosols over absorbing
anthropogenic aerosols. Fig. 7e reveals the diurnal variations in ASY-T
during dusty days (March 20th and 21st). The results suggested that
these ASY variations on the 20th of March are high as compared to
the 21st of March. The differences in diurnal variations in ASY on

dusty days at a wavelength of 440 nm are in the range of 0.008-0.04.
Likewise, the differences in diurnal variations in ASY at 1020 nm on
dusty days are in the range of 0.003-0.02. The diurnal variations of
AOD, aerosol VSD, SSA, and ASY are important for accurate calculations
of the radiative effect of dust aerosols on the surface. Christopher,
Wang, Ji, and Tsay (2003) reported that the change of 0.1 AOD can
lead up to 10 W m~2 downward shortwave irradiance changes at
the surface. In the present study the change in diurnal variations
of AOD varies in the range of 0.07-0.21. The resulting changes in the
radiative forcing ranges from 5 W m~2 to 20 W m~?2 at the surface
and from 3 W m™2 to 10 W m~2 at the TOA. Christopher and Wang
(2004) analyzed that a 10% variation of AOD will generally result
in 5-8% change of TOA forcing, and in 8-12% change of forcing at the
surface. Therefore, the diurnal variations of aerosol properties in dust
regions should be carefully considered for more precise estimation of
forcing calculation (Christopher & Wang, 2004; Wang, Xia, Wang, &
Christopher, 2004).

The remote sensing satellite sensors, such as the Total Ozone
Mapping Spectrometer, the Multi-angle Imaging Spectroradiometer,
and the MODIS, are useful for retrieving aerosol properties from space.
Since MODIS passes a specific area only once per day in the tropical
regions, it can capture only one phase of any AOD diurnal cycle (Wang
et al., 2003). Therefore, this low temporal resolution makes it difficult
to capture the diurnal aerosol variations.

3.5. Refractive index (RI)

The real n (N\) and imaginary k (\) components of the refractive
index (RI) provide information on whether aerosols belong to scattering
or absorbing types. High n (\) values indicate scattering types of aero-
sols and high k (\) values absorbing types (Alam et al., 2012; Bohren
& Huffman, 1983; Sinyuk, Torres, & Dubovik, 2003). The RI values
for mineral dust particles have been reported to be 1.53 + 0.05 for
n (\) and ~0.006 or less for k (\) (Koepke, Hess, Schult, & Shettle,
1997; Levin, Joseph, & Mekler, 1980; Shettle & Fenn, 1979; Sokolik,
Andronova, & Johnson, 1993; WMO, 1983). Cheng, Liu, Lu, Xu, and Li
(2006), Cheng, Wang, Xu, Li, and Tian (2006) and Alam et al. (2012)
reported that the n (\) values were larger at a higher wavelength
(1020 nm) than at a shorter wavelength (440 nm) due to greater ab-
sorption by coarse particles in the near infrared band. The n (\) and
k (N\) values at wavelengths 440, 675, 870 and 1020 nm over Lahore
are shown in Fig. 8a. The n (\) values on a dusty day (20th of March,
2012) for wavelengths 440, 675, 870 and 1020 nm, as retrieved by
AERONET over Lahore, were ~1.56, 1.52, 1.50, and 1.49, respectively.
We found that the n (\) values on dusty days were higher for shorter
wavelengths, reflecting the predominance of mineral dust particles,
which are scattering rather than absorbing. This is due to the n (\)
values for dust aerosols being greater than those for anthropogenic
aerosols (Liu, Zheng, Li, & Wu, 2008). Our results are in close agreement
with those reported by Alam et al. (2012) over Lahore during the sum-
mer season of 2010. Similar results for n () have also been reported
over Kanpur, in India, during the summer (Prasad & Singh, 2007;
Prasad et al., 2007; Tripathi et al., 2005). The k (N\) values provide infor-
mation of the absorption capacity of the medium (Sokolik & Toon,
1999). Over our study region the k (\) values on dusty days for wave-
lengths 440, 675, 870 and 1020 nm were 0.00275, 0.00087, 0.00067,
and 0.00064 (20th of March, 2012) and 0.00295, 0.00094, 0.00075,
and 0.00072 (21st of March), respectively. The AERONET k (\) values
were found to be lower for dusty days than for non-dusty days. For
non-dusty days, the k (\) values fluctuated between 0.0099 (440 nm)
and 0.0037 (1020 nm), while for dusty days the k (\) values fluctuated
between 0.0027 (440 nm) and 0.00046 (1020 nm). This shows that
the k (\) values for the dominant mineral dust aerosols were lowest
on dusty days (see Fig. 8b), indicating their non-absorbing nature.
The SSA thus tends to increase during dust storms due to this reduc-
tion in absorption. An increase in SSA was also found to be common
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Fig. 7. Spectral variations in AERONET retrieved (a) SSA, (c) ASY-T, and (d) AST-C over Lahore, during dusty and non-dusty days. Diurnal variations in AERONET (b) SSA, (e) ASY-T on the

20th and 21st of March.

during dust storms by Kubilay, Cokacar, and Oguz (2003). The k (N)
values from our results were found to be higher on non-dusty days
than on dusty days, revealing the presence of more absorbing anthro-
pogenic aerosols (Alam, Blaschke, et al., 2011). Overall variations in
RI (both real and imaginary components) within our study reveal
that mineral dust aerosols are more dominant on dusty days than on
non-dusty days.
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3.6. Aerosol radiative forcing (ARF)

AREF is defined as the difference in the net (down minus up) solar
flux (solar plus long wave; in W m™2), with and without aerosols, i.e.

AF = (Foy=Fay )= (Fo,—For)

T 1
1100
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Fig. 8. Spectral variations in AERONET retrieved (a) real components of RI (b) imaginary
components of R, during dusty and non-dusty days.

where AF denotes the irradiance (downwelling or upwelling, W m~?2)
and (F, — F;) denotes the net irradiance (down minus up), computed
with aerosol (F,), and without aerosol (Fy), either at the TOA or at the
earth's surface.

We calculated the net flux at the TOA and at the earth's surface
for both short wavelengths (0.3-4.0 um) and long wavelengths
(4.0-100 um) using the SBDART model. The SBDART model was de-
veloped by the atmospheric science community and has been widely
used to calculate radiative transfers. The input parameters for ARF calcu-
lations were the AOD, SSA, ASY and surface albedo. The optical parame-
ters (AOD, SSA, and ASY) were taken from the Lahore AERONET site, and
the surface albedo values were obtained from MODIS data. There are
also some other input parameters in the model such as the solar zenith
angle, which is calculated using a small code in the SBDART model by
specifying a particular date, time, latitude and longitude.

The daily average SW and LW ARF variations at the TOA and at the
earth's surface during the study period are shown in Fig. 9. Both
SW and LW ARF values reached a maximum on dusty days. The SW
ARF values (on both dusty and non-dusty days) ranged between — 50
W m~2 and — 194 W m~2 at the earth's surface, and between — 31
W m~2and —105 W m~ 2 at the TOA. The LSW ARF values (on both
dusty and non-dusty days) ranged between +6 W m~2 and +20 W
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Fig. 9. Shortwave and longwave aerosol radiative forcing at the TOA and at the earth's
surface, during dusty and non-dusty days.

m~ 2 at the earth's surface, and between +7 W m~2 and +30 W m 2
at the TOA. The average SW and LW ARF values at the earth's surface
on both dusty and non-dusty days were —114 + 40 W m™~2 and + 12
+ 4 W m™2, respectively, while the average SW and LW ARF values at
the TOA on both dusty and non-dusty days were —58 & 25 W m ™2
and +16 + 7 W m™2, respectively. LW radiations are therefore
shown to produce significant warming on dusty days, both at the earth's
surface and at the TOA. Alam et al. (2012) found the ARF at the TOA to be
between — 16 and —31 W m~2 over Lahore and between — 14 and
—21 W m™ 2 over Karachi, while at the earth's surface it was found to
be between — 70 and — 112 W m™ 2 for Lahore and between — 52 and
—73 W m™ 2 for Karachi. The global mean clear-sky ARF values at the
TOA and at the earth's surface have been found by previous authors to
be negative (Ge et al,, 2010; Kim & Ramanathan, 2008; Yu, Cheng,
Chen, & Liu, 2006). Thomas, Chalmers, Harris, Grainger, and Highwood
(2013) reported that global and annual mean aerosol radiative effects
were found to be —6.7 £ 39 Wm~2and —12 + 6 W m~2 at the
TOA and at the surface, respectively. The ARF values at the earth's sur-
face in north-western China were found to be between —7.9 and
—35.8 W m™2 (Ge et al., 2010), which are higher than surface ARF
values for Lahore. Our surface ARF values over Lahore for March 2012
are comparable with surface ARF values reported from Yulin, China
(Huizheng et al., 2009), which were between —38 and — 108 W m ™2,
but our own TOA ARF values are higher. Kim, Sohn, Nakajima, and
Takamura (2005) calculated ARF values of between —13 and —43 W
m~ 2 for three ground sites in eastern Asia, which is lower than the
range obtained from our own results. The ARF values reported from
India by Alam, Qureshi, and Blaschke (2011) were between — 19 and
—87 W m™2 at the earth's surface and between +2 and —26 W m~?
at the TOA during the entire dust period from April to May in 2005.
The surface ARF values reported by Pandithurai et al. (2008) from
New Delhi in 2006 were between —39 W m™2 (in March) and — 99
W m~2 (in June); these values are slightly lower but still comparable
to our own results reported herein. ARF values of between —45 and
—65 W m~2 at the earth's surface have been reported from Morocco
(Bierwirth et al.,, 2009), Chinnam, Dey, Tripathi, and Sharma (2006) re-
ported ARF values at the TOA over Kanpur, India during a dust storm of
between —12 and +7 W m™2, and ARF values calculated by Li,
Vogelmann, and Ramanathan (2004) and Yoon, Won, Omar, Kim, and
Sohn (2005) over the Middle East and the Sahara Desert are also
lower than our own values. Our ARF values are thus higher than all
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previous values reported from dust storm events, both at the earth's
surface and at the TOA. There is a large difference between the ARF
values at the TOA and those at the earth's surface indicating that solar
radiation is being absorbed within the atmosphere, which results in
the atmosphere becoming warmer but the earth's surface becoming
cooler (Alam, Blaschke, et al., 2011; Alam, Sahar, & Yaseen, 2013;
Alam et al.,2012; Ge et al., 2010; Miller and Tegen, 1999). The difference
in ARF values can affect the stability and dynamic system of the atmo-
sphere (Li et al,, 2010).

4. Conclusion

Aerosol characteristics, including their optical and radiative proper-
ties, have been analyzed during super dust storms over the Middle East
and southwest Asia, using MODIS and AERONET measurements. The
MODIS AOD values were found to be higher than 4 (or even 5 in some
cases) in the Gulf Regions, Saudi Arabia, Oman, over the Arabian Sea,
and in Iran. Dust derived from the Gulf Regions, southeast Iran, and
southwest Pakistan traveled towards major cities in Pakistan, resulting
in high AOD values (>2) being recorded in Multan, Faisalabad, and
Lahore. The aerosol optical properties (VSD, SSA, ASY, and RI) revealed
that dust aerosols dominated anthropogenic aerosols over the Lahore
mega city. The radiative transfer model simulation revealed that dust
aerosol SW ARF produces cooling effects at both the TOA and the earth's
surface. In contrast, dust aerosol LW ARF produces warming effects at
both the TOA and the earth's surface.
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