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Abstract
The present study addresses an intense dust storm event over the Persian Gulf and the Arabian Sea (AS)

region and its transport over the Indian subcontinent using multi- satellite observations and ground-
based measurements at a central urban location, Hyderabad, India. A time series of Indian geostationary
satellite KALPANA-1 Very High Resolution Radiometer (VHRR) together with ground observations
are used to analyze the temporal variation of the dust event that occurred from 19 to 24 February 2008
with the strongest intensity on 22 February. The Ozone Monitoring Instrument (OMI) Aerosol Index
(AJ) is also examined to provide an independent assessment of dust presence and plume location. During
the dust event drastic increase in Terra/Aqua-MODIS AODsso and AURA-OMI Al were observed.
Vertically-resolved attenuated backscatter during daytime and nighttime from Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) data are also used as an additional tool to monitor
the dust vertical distribution over the Indian region. The main dust layer was observed to be situated
between 3—5 km in altitude with traces of dust particles reaching 6—7 km. The CALIPSO observations
on vertical profile of aerosols are in qualitative agreement with values of MODIS-AODss0 and OMI-AL
Ground-based measurements showed significant reduction in solar irradiance on the dust-laden day (22
February 2008) over Hyderabad. Sun photometer derived AODs from six AERONET sites in south Asia
verified the presence of dust and its transport from west to east. The predictions of the Dust REgional
Atmospheric Model (DREAM) model are consistent with the satellite observations, thus implying the
appropriateness of the model to monitor the dust transport over the region.
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1. Introduction

Despite the increased anthropogenic emissions due to the growth of population the air quality is also
affected by mineral particles from dust storms and smoke from naturally occurring biomass burning
(Ichoku et al., 2004). Satellite-based measurements for monitoring these atmospheric constituents are a
viable proposition since ground-based measurements are limited in space and time (Liu et al., 2008;
Papadimas et al., 2008). Deserts in western Asia produce large amounts of mineral dust particles that
enter the atmosphere. Dust is considered to be one of the major sources of tropospheric aerosol loading,
and constitutes an important key parameter in climate aerosol-forcing studies (Kaufman et al., 2002;
Tegen, 2003; Huang et al., 2006; Slingo et al., 2006). However, there is still a large-scale uncertainty in
the estimation of radiative forcing caused by dust particles mainly due to their non-sphericity and the

different chemical composition (Washington et al., 2003).

The impact of mineral dust aerosols in the Earth’s system depends mainly on particle characteristics
such as size, shape and mineralogy (Mahowald et al., 2005), which are initially determined by the
terrestrial sources from which the soil sediments are entrained. Whilst these characteristics can change
during dust transport (Mackie et al., 2008) they are initially determined by their source regions.
Therefore, due to the high spatial variability of the dust plume characteristics along its transport, remote
sensing is an established method for the detection and mapping of dust events (Moulin et al., 1998;
Badarinath et al., 2007a; Kaskaoutis et al., 2008) and has recently been used to identify the dust-source
locations with a varying degree of success (Washington et al., 2003; Alpert et al., 2004; Bullard et al.,
2008; Baddock et al., 2008). To this respect, the passage of dust over land and ocean and the variation
along its transport have been monitored by satellite sensors with resolutions varying from low to high;
amongst others AVHRR (Evan et al., 2006), COES-VISSR (McKinnon et al., 1996), METEOSAT
(Moorthy et al., 2007), MODIS (Kaskaoutis et al., 2008), MSG-SEVIRI (Schepanski et al., 2007),
SeaWIFS (Antoine and Nobileau, 2006). However, the ability of the satellite data to detect dust plume is
limited by several factors, such as the radiative properties of the dust and the underlying land/ocean
surface, the cloud presence, the density of the dust plumes and the algorithms used in the aerosol
retrievals. Therefore, dust monitoring is better achieved by the combined use of remote sensing and
surface meteorological data, such as wind speed and visibility (Mahowald et al., 2007), AERONET
measurements (Kim et al., 2007) and lidar systems (Pérez et al., 2006).



Desert dust can be transported by the mean wind to thousands of kilometers away from the source
regions. This transport plays an important role in the regional and global radiative balance both at the
top of the atmosphere (TOA) and at the surface (Mattis et al., 2002). Dust aerosols strongly affect
visibility, perturb the radiation balance in the Earth-Atmosphere system, and also cause serious
biological and ecological effects (Badarinath et al., 2007a). Desert dust can affect soil nutrients at source
and sink regions (Muhs et al.,, 2007) and may regulate the phytoplankton activity in the oceans
(Donaghay et al., 1991). For example, mineral dust from the Sahara has shown to contribute
significantly to the nutrient budget of equatorial forests in Africa and Amazonia (Harrison et al., 2001;
Piketh and Walton, 2004). The desert-dust aerosols have also been associated with an increase in coral
mortality and Trichodesmium blooming in the Caribbean (Lenes et al., 2001; Griffin et al., 2003; Shinn
et al., 2000). Soil dust transported at thousands of kilometers away from the source region can also
convey pathogens and pollen from genetically-modified crops. Perhaps, the most interesting aspect is
the study of dust as a source of iron to high-nutrient, low-chlorophyll (HNLC) oceans, where plankton
productivity is limited because of the availability of soluble iron (Lenes et al., 2001). Furthermore, dust
particles affect cloud microphysical properties (Levin and Ganor, 1996), atmospheric heating and
stability (Alpert et al., 2004), tropical cyclone activity (Badarinath et al., 2008), air quality (Astitha et
al., 2008), photolysis rates, ozone chemistry and human health (Rodriguez et al., 2001). The significant
dust effects on global climate, meteorology and atmospheric dynamics, ecosystems and human health

are highlighted in detail in review studies (Goudie and Middleton, 2001; Engelstaedter et al., 2006).

A dust storm is a meteorological phenomenon considered as natural hazard, which can affect everyday
life for a short-time interval ranging from a few hours to a few days. Dust and sand storms are a
persistent problem in Iraq and other areas in the Middle East and are most prevalent in the spring and
summer months due to the strong northwesterly winds known as “shamal winds” (NOAA Report, 86).
The shamal winds are caused by a wave of high pressure that funnels through the Persian Gulf between
Saudi Arabia and Iran, and are the most hazardous weather conditions in the region. This seasonal trend
can best be characterized as a combination of two separate weather systems: the sub-tropical jet stream
pushing up south of the Arabian Peninsula and a polar front jet stream pushing southward from the
European continent causing the strong shamal winds. Though not much is reported about the interannual
or decadal variability of dust episodes, preliminary indications suggest that dust episodes are increasing
in frequency and magnitude, especially in the countries bordering the northern Arabian Sea. These

regions are characterized by numerous river-fed endorheic basins. Due to construction of dams and



diversion of water for agriculture, the lakes have significantly decreased in size and the dried-up lake
beds are now major sources of eolian dust in south Asia; similar phenomena have been observed in
Australia with the lake Eyre (Baddock et al., 2008) and in Chad “chotts” (Engelstaedter et al., 2006;
Prospero et al., 2002). Therefore, it is obvious that the aerosol studies over south Asia and India provide
a great scientific importance due to the combined effects of aerosols of different origin, i.e.
anthropogenic activities and fossil-fuel combustions due to the great growth of population and
industrialization, marine aerosols from the neighboring seas (Bay of Bengal, Indian Ocean, Arabian
Sea), biomass-burning aerosols from the seasonal forest fires, and desert particles from the northwestern
arid regions. Despite that several in-situ and on-board studies as well as experimental campaigns have
investigated aerosols, mainly biomass burning and sea salt (Satheesh et al., 2006a; Badarinath et al.,
2007b among others) and air pollution, mainly Black Carbon, mass concentration and PMio, (Latha and
Badarinath, 2005a; Badarinath et al., 2007b, ¢; Kharol and Badarinath, 2006, 2007) in continental India
and adjoining oceanic regions, only few have focused on examining the dust transport (El-Askary et al.,
2006; Prasad et al., 2007). Between them we can highlight a recently published work regarding the dust
transport from the Thar Desert on 9-11 April 2006 over Hyderabad (Badarinath et al., 2007a).

In the present study, data from the Indian geostationary satellite KALPANA-1 VHRR are used to
analyze the spread of mineral-dust particles over the Persian Gulf, AS and northwestern part of India
from a strong dust outbreak occurred during the period between 19-24 February 2008. CALIPSO
observations are also analyzed in order to provide the vertical profile of aerosols over the region.
Furthermore, satellite data from MODIS and OMI sensors are used to understand the spatial distribution
of aerosols during the dust event. The Mesoscale Model 5 (MMY) is also used in order to provide the
synoptic meteorological systems that have controlled the long-range transport of dust. Solar radiation
measurements were performed over Hyderabad to examine the variations caused by the dust presence.
The west-to-east dust-plume transport that occurred in the south Asia region was monitored via sun
photometric measurements at six AERONET stations over the region. The Dust REgional Atmospheric
Model (DREAM) is finally used to verify the presence as well as the variation of the dust event in the

south Asia region.



2. Datasets and methodology
2.1. Satellite-based measurements

Mineral and desert dust can be detected via satellite observations in the ultraviolet (0.315- 0.4 um) via
absorption, visible (0.38-0.79 um) via scattering and thermal infrared via contrasting land/aerosol
emissivity (Baddock et al., 2008). In order to evaluate, compare and contrast the mineral aerosols for the
dust event in south Asia, several remote-sensing data described in the following sections are used in the

present study.
2.1.1. MODIS

MODIS has been acquiring nearly daily or global coverage data in 36 spectral bands from visible to
thermal infrared (29 spectral bands with 1-km, 5 spectral bands with 500-m, and 2 spectral bands with
250-m, nadir pixel dimensions). The MODIS sensor is onboard the polar orbiting NASA-EOS Terra and
Aqua spacecrafts with equator crossing times of 10:30 and 13:30 Local Solar Time, respectively (Levy
et al., 2007). A nearly global image is produced due to the larger swath widths of MODIS and
instrument-scanning angle of 1100 (Levy et al., 2003). The MODIS images have extensively been used
for monitoring of forest fires, dust outbreaks, severe storms, cyclones, volcanoes etc (Badarinath et al.,
2007a, 2008; Kaskaoutis et al., 2008). Aerosol retrievals from MODIS data are performed over land and
ocean surfaces by means of two separate algorithms described in literature (Kaufman and Tanré, 1998).
The aerosol properties are derived by the inversion of the MODIS-observed reflectance using pre-
computed radiative transfer look-up tables based on aerosol models (Remer et al., 2005; Levy et al.,
2007). The initial versions of the MODIS algorithms have been under continued development, and have
ecently received an improved aerosol determination, via processing to Collection 5 (C005) (Levy et al.,
2007). The data used in this study include both Terra and Aqua MODIS aerosol products, calculated
using separate algorithms over land and ocean to obtain AOD at 550 nm (AODss0) and the proportion of
AQODss0 contributed to the fine- mode aerosols (determined as fine-mode fraction, FM); such estimations
are only made over cloud-free regions (Remer et al., 2005). The C005 Level 3 (spatial resolution lox1o)
MODIS products are obtained from Giovanni website (http://giovanni.gsfc.nasa.gov/) during the dust

event over south Asia.



2.1.2. OMI

In addition to MODIS data, UV Aerosol Index (AI) values from the Ozone Monitoring Instrument
(OMI) onboard the Finnish-Dutch AURA satellite are used. The AURA satellite, launched in July 2004,
flies a few minutes behind the Aqua satellite as part of the NASA A-Train constellation. OMI was
designed to replace the Total Ozone Mapping Spectrometer (TOMS) to continue recording total ozone
and other atmospheric parameters related to ozone chemistry and climate. Furthermore, and unlike
MODIS, OMI-AI is sensitive to aerosol absorption even when the particles are above cloud; thus Al can
be derived successfully in both cloudless and cloudy conditions (Torres et al., 2007). OMI has a spatial
resolution of 13 x 24 km at nadir and uses the same retrieval algorithm with TOMS (Torres et al., 1998).
OMI measures back scattered radiances in the near UV region, and using these measurements, the
retrieval algorithm computes an absorbing Al, which is a qualitative measure of the presence of UV-
absorbing aerosols, such as mineral dust and smoke over all terrestrial surfaces, including deserts and
snow- ice covered areas. The absorbing Al from the current OMI sensor is defined as the difference
between measured (includes aerosol effects) spectral contrast at 360- and 331- nm radiances and the
contrast calculated from the radiative transfer theory for a pure molecular (Rayleigh) atmosphere

(Ahmad et al., 2003). Al is calculated using the ratio of upwelling radiances at 331 and 360 nm as:
Al=-100[log1o(l 360/ | 331)meas — logio(l 360/ | 331)calc] (1)

Since the calculation of /360 uses the reflectivity derived from the I331 measurements, the Al definition

essentially simplifies to:
Al= 100 log1o (/360_meas/[360_calc) (2)

Where, the subscripts ‘meas’ and ‘calc’ refer to measured and calculated values of the upwelling

radiances, respectively.

Al detects UV-absorbing aerosols thus providing an independent information relating to mineral-dust
detection. The Al is positive for absorbing aerosols and negative for non- absorbing, while values of Al
near zero indicate cloud presence. In interpreting these results, care has to be taken at some surface
effects, such as sea glint and ocean color, which can enhance Al. The present study uses the OMI-AI

Level 3 global-gridded product (0.250 x 0.250 spatial resolution). In general, OMI-AI and MODIS-AOD



data are somewhat complementary; the first are ideal for initial dust detection and the second can be

used to both identify plumes and sources at higher spatial resolution.

Al is sensitive to a range of UV-absorbing aerosols such as mineral dust, volcanic ash, and black carbon
from fossil-fuel combustion sources and biomass burning (Eck et al., 2001). The UV surface reflectivity
is typically low and nearly constant over both land and sea, which allows OMI to detect aerosols over
both land and ocean (Torres et al., 2007). The main utility of the Al is the detection of dust, especially in
an elevated atmospheric layer. Average Al values over long-time periods have been used to detect
persistent dust sources (Washington et al., 2003; Alpert et al., 2004; Baddock et al., 2008). Extensive
analysis of the seasonal and interannual variability of TOMS-AI values has been made over India by
Habib et al. (2006). The present study evaluates the quality of the OMI-AI to detect the dust-source
regions and, furthermore, examines its application to mid- and large-scale aerosol transport in south

Asia.
2.1.3. KALPANA-1

KALPANA-1 (formerly METSAT-1), an exclusive Indian meteorological satellite was launched by
PSLV, on 12 September 2002. The satellite comprises one Very High Resolution Radiometer (VHRR)
and a Data Relay Transponder (DRT) payload to meet meteorological requirements. VHRR operates in
three bands, (a) the visible (0.55 — 0.75 um), (b) the thermal infrared (10.5 — 12.5 pm) and (c) the water-
vapor infrared bands (5.70 - 7.10 um), with a spatial resolution of 2 x 2 km for the visible band and 8 x
8 km for the thermal infrared and water-vapor ones, to obtain atmospheric cloud cover, water vapor and
temperature (Bhattacharya et al., 2008). The DRT also provides data from fixed/mobile ground-level

weather platforms.
2.1.4. CALIPSO

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) provide new insight
of the role of clouds and atmospheric aerosols (airborne particles) in regulating Earth's weather, climate,
and air quality. As part of the A-train satellite constellation that includes the Aqua, CloudSat, Aura,
Orbiting Carbon Observatory (OCO) and PARASOL satellites, CALIPSO has a 98o-inclination orbit
and flies at an altitude of 705 km providing the vertical distribution of aerosols and clouds. CALIPSO
was launched on 28 April, 2006. The CALIPSO payload consists of three instruments: the Cloud-



Aerosol Lidar with Orthogonal Polarization (CALIOP), an Imaging Infrared Radiometer (IIR), and a
moderate spatial resolution Wide Field-of-view Camera (WFC). CALIOP provides profiles of
backscatter at 532 and 1064 nm, as well as two orthogonal (parallel and perpendicular) polarization
components at 532 nm. A detailed discussion of CALIOP data products has been described elsewhere
(Vaughan et al, 2004).

2.2. Ground-based measurements
2.2.1. MICROTOPS-II

Synchronous and continuous observations of AOD are carried out in Hyderabad, India, using a handheld
multichannel Solar Light microprocessor-controlled total ozone portable spectrometer (MICROTOPS-
IT) at six wavelength bands centered on 380, 440, 500, 675, 870 and 1020nm. The sun photometer works
on the principle of measuring surface-reaching solar radiation intensity at specified wavelength bands
and calculates corresponding optical depths by knowing the respective radiation intensities at TOA. The
TOA irradiances at each wavelength are calculated via the well-known Langley method (Reagan et al.,
1986; Russell et al., 1993; Schmid and Wehrli, 1995). As per the details provided by the supplier, the
calibration relies on a high-performance voltage reference with the temperature coefficient >0.001% per
degree Celsius and long-term stability of ~0.005% per year. The Full Width at Half Maximum (FWHM)
bandwidth at each of these wavelength channels is 2.4+0.4 nm, and the accuracy of the sun-targeting
angle is better than 0.lo. Great care has also been taken to avoid any error in sun, targeting the
MICROTOPS-II by mounting the instrument on a tripod stand. Details concerning the design,
calibration, and performance of MICROTOPS-II have been described elsewhere (Morys et al., 2001). A
detailed analysis for the calculation of the spectral AOD using the MICROTOPS-II is given in
Badarinath et al. (2007b).

2.2.2. MFRSR

Multi-Filter Rotating Shadow band Radiometer (MFRSR) measurements at wavelengths of 415.9,
496.6, 622.4, 670.2, 868.3, and 938.5 nm (FWHM ~10 nm) are used for measurements of total, diffuse
horizontal, and direct-beam solar irradiances (Harrison et al., 1994) in Hyderabad, India. The
instrument’s sensors are shaded at periodic intervals by a rotating shadow band so the diffuse incoming

radiation is measured. The principal sources of uncertainty in the MFRSR detector are the cosine-



response error, the instrument-leveling error and an error associated with blocking part of the sky when
shading the sun. Yankee Environmental Systems, Inc. provides the measured (to zenith) cosine response
for each MFRSR channel and these values are used to estimate the error in diffuse fraction (diffuse-to-
global irradiance) that results from this nonideal cosine response. The direct radiation component, which
is computed as the difference between the sun blocked (shaded) and unshaded radiometer is corrected
for the cosine-response error, but the diffuse component is not. The MFRSR has already been used in

several publications in Hyderabad (e.g., Badarinath et al., 2007a, b).
2.2.3. CIMEL

The AERONET measurements reported in this work are made with the CIMEL sun photometer (CE-
318), which is an automatic sun-sky scanning spectral radiometer. The CIMEL sun photometer takes
measurements of the direct-sun and diffuse-sky radiances every 15 minutes within the spectral range
340-1020 nm and 440-1020 nm, respectively. The direct-sun measurements are performed in eight
spectral channels: 340, 380, 440, 500, 675, 870, 940 and 1020 nm. Seven of the eight bands are used to
acquire AOD, while that at 940 nm is used to estimate the total precipitable water content. The
Angstrdm parameter is computed from AODs at 440 and 870 nm. The filters utilized in these
instruments are ion-assisted deposition-interference filters with a FWHM of 10 nm except for the 340-
nm and 380-nm filters having a FWHM of 2 and 4 nm, respectively. The instrumentation, data
acquisition, retrieval algorithms and calibration procedure conform with the standards of the AERONET
and are described in detail in numerous studies (e.g., Dubovik et al., 2000; Holben et al., 2001).
Typically, the total uncertainty in AOD for a field instrument under cloud-free conditions is +0.01 for
A>440 nm, and +0.02 for shorter wavelengths. In this study, the daily-averaged Level 1.5 AERONET
products, which are cloud-screened (Smirnov et al., 2000), were used in the period 19 to 25 February at
six AERONET stations in south Asia [Solar Village (24.91N, 46.41E), Abu Al Baukhoosh (25N,
53E), Karachi (24N, 67E), MCO-Hanimaadhoo (6N, 73E), Pune (18N, 73E) and Kanpur (26N, 80E)],

cited in an increasing longitude order.
2.2.4. LIDAR

A Portable Micro pulse Lidar system operating at 532 nm fabricated by the National Atmospheric
Research Laboratory (NARL) is used in the present study (Kumar, 2006). The LIDAR system was

operating in late-evening hours (post-sunset) under cloudless conditions. The LIDAR laser output pulse



energy is set at 10 uJ with 2500 Hz pulse repetition rate. The laser system bin width was set at 200 ns,
corresponding to a height resolution of 30 m. The raw data profile was integrated every 2 minute
interval, which corresponds to 3 lakhs shots integrated photon-count profile. The design specifications
of portable lidar system are described elsewhere (Kumar, 2006). The lidar measures the height profile of
backscattered signal from aerosols, during clear sky, which is converted into backscattering ratio (R). R

is defined as:

R=(Bat Brm)/ Prm 3)

Where B, and B, are the backscatter coefficients of aerosols and molecules, respectively. The aerosol-
backscatter ratio from the lidar return is estimated using the inversion method (Fernald, 1984; Klett,
1981). The extinction coefficient k and the optical thickness at 532 nm (t532) are estimated from lidar

data using the equations:
k:Sa* Ba (4)
153, = | k(Z)dz (5)

Where, z is the range between the laser source and the target (~7 km) and S, is the extinction-to-

backscatter ratio, the so-called lidar ratio (Chiang et al., 2007).
2.3 Model applications

2.3.1. MM5

The mesoscale model MMS5 (http://www.mmm.ucar.edu/mm5/) is a limited-area, nonhydrostatic,
terrain-following sigma-coordinate model designed to simulate or predict mesoscale atmospheric
circulation. The model is supported by several pre- and post- processing programs, which are referred to
as the MMS5 modeling system. The MMS5 modeling system has been developed at Penn State and
National Centrer Atmospheric Research (NCAR) as a community mesoscale model with contributions
from users worldwide. In the present study, the MM5-derived winds at 500 and 700 hPa were analysed
to study the variations in wind speed over the region during the dust storm period. The MMS5 has been
extensively used in meteorological studies and detailed information about it can be found elsewhere

(e.g., Kotroni and Lagouvardos, 2001).



2.3.2. DREAM

Several regional models for simulation and prediction of the atmospheric dust cycle have been
developed in the past decade (Engelstaedter et al. 2006). These models are essential in complementing
dust-related observations, trying to explain the dust cycle and predicting its impact on surface-level
PMs. In this context, the Dust REgional Atmospheric Model (DREAM) has reached a level of delivering
reliable operational dust forecasts capable of predicting the major dust events over the Mediterranean,
Iberian Peninsula and East Asia (Nickovic et al., 2001). In its operational version, for each soil texture
type, fractions of clay, small silt, large silt and sand are estimated assuming typical particle-size radii of
0.73, 6.1, 18 and 38 pum, respectively. After a long-range transport, only the first two types of particles
are relevant for analysis since their lifetime is larger than 12 h. Recent understanding of dust-cloud
microphysics and dust-radiation interactions (Pérez et al. 2006), from which climate- and weather-
prediction models can benefit, requires a deeper knowledge on the dust-source processes, size
distributions and optical properties. Currently, the monitoring systems include conventional surface
observations operating in urban and rural areas, and remote-sensing systems. Deposition or surface
concentration data involve close-to-ground characteristics of the dust process. The long-range transport
of desert dust mainly takes place in the free troposphere (Mattis et al. 2002). Thus, sun photometers
delivering spectrally-resolved column-integrated data in ombination with lidars providing information
on the vertical aerosol structure seem to be the most appropriate tools for model evaluation. A detailed
description of the DREAM model can be found in Nickovic et al. (2001) and Pérez et al. (2006). The
present study uses the DREAM images of dust load and concentration over East Asia (also including

continental India) for the dust event period.
3. Results and discussion
3.1 Synoptic meteorological conditions

The atmospheric dynamics and the severe meteorological phenomena (such as cyclones and hurricanes)
are strongly related to the aerosol loading and properties in the atmosphere (Badarinath et al., 2008). On
the other hand, the occurrence of Sahara dust events over the Mediterranean are mainly driven by the
intense cyclones called Sharav, south of the Atlas Mountains (Morocco), which are generated by the
thermal contrast between cold Atlantic air and warm continental air that cross north Africa during spring

and summer (Moulin et al., 1998). Therefore, several studies in this region (e.g., Meloni et al., 2008;



Kaskaoutis et al., 2008) have associated the strong dust events with the prevailing meteorological fields.
Moreover, several studies (e.g. Krishnamurti et al., 1998) have highlighted the effect of the Inter
Tropical Convergence Zone (ITCZ) in the aerosol field over AS and the Indian Ocean. To this respect,
before analyzing the aerosol properties due to the dust storm in south Asia and AS, the synoptic

meteorology over the region has to be examined.

A cold front originating from the Turkish highlands passed over the southern coasts of Saudi Arabia,
Iran and Pakistan on 21st February 2008 and triggered an intense dust storm on 22 and 23 February over
south Asia and AS. A couple of days earlier, the same cold front raised a dust storm over Jordan and
Iraq, on 18t and 19t February. In order to examine the synoptic meteorology and the prevailing winds
over the south Asian region during the intense dust storm, the MMS5 derived winds at 500 and 700 hPa
are analyzed. Figures 1a, b show the wind speed and direction at 500 and 700 hPa, respectively, on 22
February 2008 at 12:00 UTC (+05:30 LST). In both atmospheric levels the wind direction was a
persistent westerly flow with high (>30 ms-1) above Iran and Pakistan and low intensities in the middle
and south part of AS and Indian Ocean. Over the Indian subcontinent the wind field consisted of a
westerly flow in the northwestern part (Thar Desert) progressively decreasing in magnitude and shifting
to a northerly flow over central and south India. The general meteorological field associated with the
strong west- to-east winds caused the mobilization, lifting and long-range transport of dust particles. The
black area (no data) in Fig. 1b (700 hPa) is attributed to the elevated terrain and the high mountains

(usually over 6000 m) over this region (Imalaia, Karakoram and Tibetan plateau).

There are few studies that examine on the possible relation between cyclone activity/low- pressure
systems and dust storms (Evan et al., 2006; Badarinath et al., 2008; Kaskaoutis et al., 2008). The
association of dust storms with low-pressure systems over the study region was also observed during 12-
14 December, 2003, 26-29 April, 2006, 9-12 May, 2006, 6-9 March, 2008, 20-24 March, 2008, and 11-
23 April, 2008 suggesting that low- pressure systems over the Bay of Bengal/Indian Ocean cause
changes in the synoptic weather patterns leading to dust storm over the Persian Gulf, Arabian Peninsula
and AS. The study of such meteorological dynamics and their association with intense atmospheric
phenomena (e.g., dust storms) has not been well investigated over the region and constitutes a challenge

for further research.



3.2 Satellite observations

Figure 2 shows the Terra-MODIS visible (true color) image on 22 and 23 February (a) as well as the
False Color Composites (FCC) of both Terra and Aqua on 22 February (b) above south Asia. An intense
dust load can be clearly seen in both figures mainly over western and northern AS and Pakistan. The
thick dust plume on 22 February seems to attenuate also moving northeasterly on 23 February (Fig. 2a).
A dust storm of similar magnitude affected the region during the first week of February 2008 (not
shown). Winter dust storms are relatively rare compared to the large occurrence of dust storms during
summer in this region. However, in 2008, a number of dust storms were initiated due to an extremely
dry winter, which has lower soil moisture over the entire south Asia. Once the dust is raised its direction
of transport depends on the prevailing wind flow (Fig. 1), which is constrained by the synoptic pressure
systems. Over AS, dust is normally transported southwest due to the northeast trade winds, which blow
towards the ITCZ lying in the southern Hemisphere during Austral summer (Krishnamurti et al., 1998;
Nair et al., 2004). However, if a low-pressure system develops over AS or Bay of Bengal, then the dust
is preferentially transported towards it. In the present case, the strong westerlies transport the dust from

the Arabian Peninsula towards northern AS, Pakistan and western India.

The desert dust aerosols are, in the majority of the cases, detectable in VIS satellite images (Fig. 2a)
particularly over ocean (note the better dust identification over AS). Nevertheless, since mineral-dust
aerosols can have similar reflectivity to the desert surfaces it can be difficult to detect them over land.
Thus, the upwind edges of the plume are not distinct and are in places difficult to differentiate from the
underlying bright desert surfaces (desert areas in Arabia, Iran and Pakistan). A range of different
sedimentary environments emits dust from the Middle East, Arabian Peninsula and Thar Desert; these
have different mineral compositions, which, in turn, control the radiative properties of dust (Sokolik,
2002). However, dust reflectivity varies depending on its chemistry and can decrease significantly with
increased iron concentration (Arimoto et al., 2002; Dubovik et al., 2002). Consequently red, or iron-rich
dust have relatively low blue reflectivity and thereby lower contrast relative to surface reflectance,
whereas white dust (composed by carbonates and quartz) have higher reflectance in the VIS and

significantly higher contrast with respect to the underlying surface (Baddock et al., 2008).

The Terra- and Aqua-MODIS products (AODsso, FM and G—Angstrém in the spectral band 550-865 nm)

before, during and after the dust event are shown in Figs 3a, b, c, respectively. The mean values are



averaged over the area (9-33 No, 49-78 Eo) including the entire AS, southern Iran, Pakistan, eastern
Arabian Peninsula and western India. The vertical bars exhibit the standard deviation of the mean due to
the spatial aerosol inhomogenetity. The Terra and Aqua values are similar, also exhibiting the same
temporal variability. The mean MODIS-Terra AOD value is 0.383, while the respective Aqua one 0.374.
As shown, the AODss0 values increase progressively from 18 to 21 February, exhibiting very high value
(~0.7) on 22 February (major intensity of the dust event). After that date the AODsso progressively
decreases, but at a lower rate, since the thick dust layer emitted in the middle and upper atmosphere can
stay over there for several days. Note also the absence of precipitation not favoring a wet aerosol
deposition. The mean spatial-averaged AODsso value of ~0.7 from both sensors on 22 February indicates
the intensity of the dust storm, since it is much higher from the mean AERONET AODsoo0 value of 0.51
obtained in May (a month with major dust intensity) over Solar Village (Kambezidis and Kaskaoutis,
2008). The same researchers also found that AODsoo values larger than 0.7 were rather rare over Saudi
Arabia. The larger standard deviation on 22 February also indicates the significant spatial variability in

aerosol load over the area caused by the intense dust event.

The FM values are rather low for both sensors (0.323 and 0.308 for Terra and Aqua, respectively)
clearly indicating the dominance of coarse-mode aerosols over south Asia in the study period. The
differences in the mean values between Terra and Aqua are larger than the respective for AODsso, since
the calculation of the FM fraction is not so accurate, having stronger dependence on changes in the
aerosol field and surface reflectance (Levy et al., 2007). Even though both sensors give lower FM values
on 22 February, they also exhibit a decreasing trend characteristic of the higher atmospheric abundance
in coarse-mode particles during and after the dust storm. The standard deviations remain high on all
days, thus highlighting the large spatial variation in the FM values due to the concurrent presence of
different aerosol types over the area (natural and anthropogenic). The G-Angstrém (550-865 nm) was
calculated over the ocean, thus having a higher accuracy due to the use of the MODIS-ocean algorithm
(Remer et al., 2002). As expected, Qss0-865 is continuously decreasing in the examined period due to the
presence of dust over the AS region. No significant change in the sea-surface wind speed was found,
which in part can affect the aerosol size and properties due to emission of sea- salt aerosols
(Ramachandran, 2004). Thus, the strong decreasing rate in a550-865 values is attributed to the presence of
dust above AS. Another significant remark is the close agreement between the asso-s6s values of both
MODIS sensors giving a confirmation to the computed results. The spatial averaged Qsso-s6s values

during and after the dust event (~0.55-0.65) are comparable in magnitude with the a443-865 presented near



the African coast in the Mediterranean Sea in the period 1998-2004 using SeaWiFS data (Antoine and
Nobileau, 2006). On the other hand, the higher ass0-865 values in the pre-dust period (>0.8) are in

agreement with those found over the North Mediterranean coast, close to European countries.

The spatio-temporal variation of the AODsso values in the study region during the period of the intense
dust storm is shown in Figs 4a for Terra and Aqua, respectively. The AODsso values are analyzed in the
period 18-26 February 2008 according to latitude (9°- 33°N) as averaged values in the longitude area 49°-
78 E. These figures also show the latitudinal variation of the aerosol load over AS and the adjoining
continental arid and semiarid regions. Both satellites show great consistency in the spatio-temporal
AODsso distribution with a correlation coefficient (r=0.861). The larger differences between the two
figures are depicted in the central part as well as and in the area defined as “dust in Persian Gulf”, where
Aqua shows little higher AODsso values than Terra. Moreover the area defined as “dust in Indo Gangetic
Plains” exhibits, in its larger values, a temporal delay of one day, with the maximum to occur on 23
February. Similar temporal delay in the AODss0 values over Indo-Gangetic Plains (IGP) compared to the
major dust event is also shown in Terra observations. More specifically, both figures show that in the
beginning of the period (18-21 February) the AODsso0 values are relatively low (<0.4) except of a region
(dust in Persian Gulf), where the longitude-averaged AODs show larger values. These values occurred
on 20 February and are attributed to the presence of an intense dust storm over the Persian Gulf (27—
30°N, 49°-52°E). This dust storm was also obvious from Terra/Aqua MODIS images and rather
constitutes the first stage of the intense dust storm occurred two days later. The major dust storm
(reaching AODss50=1.8 in longitude-averaged values) occurred on 22 February in the area 24°-26°N. This
area covers the northern AS and the coastal regions of Iran and Pakistan. Furthermore, in both figures a
long tail of lower AODsso is presented on the same day. The highest of these values are depicted in the
western AS and near to the Arabian coast. The longitude- averaged AODsso values for these latitudes are
much lower due to the relative clear atmospheric conditions over the eastern AS for the same latitudes.
Above 280N the longitude-averaged AODsso values correspond to land pixels (mainly eastern Pakistan,
northwestern India and IGP). The general southwest-northeast axis of the dust plume (Fig. 2) driven by
winds of similar direction (Fig. 1), is revealed in Fig. 4 since the dust (larger AODs50) is delayed for one
day at the northeastern latitudes. Finally, in both figures a strong south-to-north AODsso gradient is
highlighted. Such an AOD gradient, also influencing the radiative forcing of the area, is very common

over AS and has been well established by several publications (Moorthy et al., 2005; Satheesh et al.,



2006a; Nair et al., 2008; Kalapureddy and Devara, 2008). The respective latitudinal-averaged figures do

not give any additional information and for this reason they are not provided.

The respective spatio-temporal distribution of the FM values for Terra and Aqua MODIS sensors is
shown in Figs 4b, respectively. As above, the FM corresponds to longitude- averaged values over the
area 49°-78 E. Although the spatio-temporal distributions seem to be more complicated than the
previous ones the correlation coefficient is a little higher (r=0.897) since large differences in FM values
do not exist. In these figures the intense dust storm on 22 February cannot be clearly revealed. However,
there is a general tendency for lower FM values (coarse-mode aerosols) during and after the dust event.
The different algorithms used over land and ocean as well as the choice of the most appropriate aerosol
model to characterize the atmospheric conditions (Levy et al., 2007), provide significant variability in
FM values, which are smoothed over longitude. Even though, a strong south-to-north gradient of lower
FM values is highlighted in Fig. 4b. Such lower FM or a-Angstrém values in the northern part of the
AS, indicating the presence of coarse-mode aerosols, have been also obtained in earlier studies
(Satheesh et al., 2006a; Nair et al., 2008; Kalapureddy and Devara, 2008). These studies also showed
greater contribution to the fine-mode aerosols near the Indian coast (southeastern part of the AS). This
statement is also obvious in the present study viewing the high longitude- averaged FM values at the
lower latitudes in the pre-dust period, which are attributed to the large FM values in the eastern part of

AS and close to the Indian subcontinent.

MODIS is one of the most widely and successfully used sensors for the detection of dust plumes (Ichoku
et al., 2004; Badarinath et al., 2007a; Kaskaoutis et al., 2008) and for improved identification of the dust
sources (Bullard et al., 2008; Baddock et al., 2008). Figure 5(a-d) shows the spatial distribution of Terra-
MODIS AODsso and FM values over south Asia on 22 and 23 February, the days with the major dust
intensity. The typical AODsso in relatively clear conditions is <0.2, while for turbid atmospheres >0.3
(Kaskaoutis et al., 2007a). The MODIS AODsso0 product suggests that the highest AODsso values are
associated with the dust plumes (see Fig. 2) mainly in the northern and western part of the AS, the
Persian Gulf, south Iran and Pakistan (Fig. 5a). The highest values (above 3.5) are depicted over
Pakistan and the northern parts of AS and are comparable in magnitude with those presented in the thick
dust layer covered Greece on 17 April 2005 (Kaskaoutis et al., 2008). On 23 February (Fig. 5b), the dust
storm seems to be thinner, thus the lower AODsso values, while its higher intensity is presented in the

northeastern latitudes compared to that on the previous day. This indicates the movement of the major



dust layer with the prevailing winds (Fig. 1) and a step-by-step deposition of the heavier particles. The
weather synoptic systems that cause dust storms show that the dust events are often associated with
cloud cover (Kaskaoutis et al., 2008; Baddock et al., 2008). Thus, some parts of Fig. 5, where clouds are
present, are excluded by MODIS cloud mask MODIS algorithm (Levy et al., 2007). The FM values
seem to be more appropriate to observe the dust spatial distribution and its influence on FM values than
those presented in Fig. 5. Thus, low FM values are presented in north and west AS on 22 February (Fig.
5¢) associated with the dust storm. On the next day (Fig. 5d), the low FM values, indicative of coarse-
mode aerosols, are spread over an extended area in AS, mainly northeast, limiting the presence of large
FM values of anthropogenic origin to the southeastern part of AS and close to the Indian coast. The very
low FM values over the Thar Desert are attributed to the different aerosol model (dust model) used in

the MODIS land algorithm.

Figure 6(a, b) shows the spatial distribution of the Al on 22 and 23 February 2008 as derived from
AURA-OMI measurements. OMI-AI data show dust presence over the majority of the region, thus
suggesting a widespread dust event. The Al clearly outlines the main dust plume, which occurred in the
area surrounding the Persian Gulf, southern Iran, Pakistan, northern AS and western part of India. There
is evidence that the higher Al values are attributed to the desert-dust aerosols, since much lower Al
values are observed over regions with significant anthropogenic pollution (West Indian coast and IGP).
Therefore, the elevated dust particles give signal to Al values in contrast to the anthropogenic absorbing
aerosols (such as soot and black carbon), which are mainly within the boundary layer over urban sites in
India (Satheesh et al., 2006b). Some wings of the intense dust plume are observed above the central part
of India and can also affect Hyderabad. The AI was found to be well correlated with AOD at UV
wavelengths in Thessaloniki, Greece (Koukouli et al., 2006) and Mongu, Zambia (Hsu et al., 1999)
under biomass-burning events. In both figures, the higher values of Al are in qualitative agreement with
those of AODss0. Besides, further comparison of Fig. 6(a, b) with Fig. 6(a, b) indicates that the enhanced
Al and AODsso values move towards the wind direction, which is in close agreement with MMS5 results
(Fig. 1). Thus, the larger Al values are depicted in the east on 23 February, mainly over Pakistan, Thar

Desert and northwestern India, following the AODss0 spatio-temporal distribution.

The AI maximum values of ~3.0 over central Pakistan is comparable in magnitude with the maximum
OMI-AI values (~3.5) presented over Greece during an intense Saharan dust event (Kaskaoutis et al.,

2008) and the climatological TOMS-AI values over Sahara (Alpert et al., 2004), but lower from the



OMI-AI values (~4 -5) during intense dust events in Australia (Baddock et al., 2008). Despite the fact
that the main dust-source regions as well as the areas with the high desert-aerosol density are clearly
identified by the present OMI observations. Some recent publications (Bullard et al., 2008; Baddock et
al., 2008) have shown that the OMI-AI data are less able to define the dust-source locations with the
same precision as can be achieved using the combination of outputs from the MODIS L1B algorithms,
due to the relative coarse resolution of the OMI-AI (0.250x0.250) used in the current study. However,

this investigation is beyond the scope of the present work.

The short-term nature of some dust events (approximately 1 day or even less) display some difficulties
and possible biases associated with their detection at the time of satellite overpasses, typically one per
day for polar-orbiting satellites. Therefore, some dust activity is possible to be missed due to the relative
timing of overpass and dust emissions. Significant biases on this may also be caused by the cloud cover,
which is often associated with the dust plumes. As a consequence, in some cases, the high-temporal
resolution data from geostationary satellites can be more appropriate for the detection of such events.
For a better view of the spatio-temporal variation of the dust plume, a time series of False Color
Composite (FCC) derived from KALPANA-1 VHRR is analyzed for the first time over the Indian
region. Figure 8 shows the FCC images for a 3-hr interval (06:00, 09:00 and 1200 UTC) on 22 February
and for 05:00 UTC on 23 February. In the morning hours of 22 February there is only a thin dust plume
over north AS, Pakistan and west India, since the major dust layer was in the western AS. This dust
layer was continuously increasing in thickness and moving northeast at noon and in early afternoon
hours of 22 February. As the day progresses, the dust plume becomes more thick and spreads over an
extended area affecting the northern and central parts of India (12:00 UTC). On 23 February the dust
plume was continuously decreasing in thickness also moving eastward, while only some wings of the
dust plume can be obvious from the FCC. From the KALPANA-1 VHRR images at higher temporal
resolution (1-hr) it was calculated that the dust plume was transported towards the Indian subcontinent

with a speed of ~30 ms-1.

Moreover, some interactions between elevated dust aerosols and clouds are shown over southern AS on
22 February, 12:00 UTC. Clouds also cover the northern part of Pakistan and the Imalaia region. The
role and the effects of clouds in satellite retrievals are very important and great efforts have been made
focusing on cloud-screening techniques (Kaufman et al., 2005). Proportionally to the thickness and the

altitude of the clouds different effects (biases) in the dust detection can be revealed. Thus, the dense



cloud cover can obscure dust, while cirrus clouds, which have similar reflectance and brightness
temperature difference (BTD) to fine dust aerosols (Baddock et al., 2008), can bias (probably
overestimate) the dust presence. This is obvious in Fig. 7 since the desert- dust aerosols have similar
reflectance and color with the cirrus clouds observed in the southern part of AS and above the mountains
in northern Pakistan, India and Nepal. Note also (Fig. 5) that the MODIS algorithms did not give data

over these regions on 22 and 23 February.

However, over bright and highly-reflected surfaces (e.g., desert regions and snow- covered areas), in the
presence of clouds, during nighttime the aerosol detection using MODIS or TOMS/OMI can become
increasingly uncertain (Levy et al., 2007; Torres et al., 2007). For this reason lidar systems on board
satellites (such as CALIPSO) have been increasingly available in the last years. The CALIPSO-derived
total attenuated backscatter at 532 nm and the Vertical Feature Mask (VFM) data products were used to
identify the position of dust along the overpass trajectory. A typical example of the vertical distribution
of the dust plume over the study region during daytime and nighttime on 22 February 2008 is shown in
Fig. 8(a, b). Both figures show the overpass trajectory (moving northwards for daytime conditions and
southwards for nighttime), the vertical profile of the total attenuated backscatter at 532 nm and the VFM
image, which highlights the signals into 7 categories. The category 3 (aerosol, in orange) has a greater
importance as well as the presence of clouds (cyan). In the lower part of both figures the coordinates of
the overpass (latitude above and longitude below) are also given. The daytime pass of CALIPSO at
09:03 UTC (+05:30 LST) mainly covers a part of the Persian Gulf and nearly the entire AS, where the
dust storm occurred. In addition, the nighttime pass of CALIPSO was at 20:56 UTC above AS and the
western part of India (somewhat more to the east than the daytime pass). In both figures the presence of
cirrus clouds is very limited, while low-altitude clouds mainly occurred over the mountains (elevated

terrain, grey or black in VFM image).

The Fig. 8a shows a dust layer developed over the northeastern part of the AS extended from ground
level to a height of 3—5 km. It should be noted that this is the highest altitude dust layer in the figure.
Another dust layer at lower latitudes and higher longtitudes (left part of the figure) is attributed to the
combination of dust aerosols with anthropogenic pollution near the southwestern Indian coast. As
regards the nighttime conditions (Fig. 8b), the dust layer is located in a more extended area, also
covering the southeastern part of the AS (as has also been observed from Fig. 7). However, the most

vertically-extended dust layer is confined at similar latitudes as before (even though a little to the north



for nighttime conditions). In contrast, this elevated dust layer has moved eastwards in the time interval
of ~12 hrs between the two CALIPSO observations (~66°E and ~70°E for daytime and nighttime
conditions, respectively). The mineral dust layer had high values of backscatter indicating that the layer

was thick. It was also found that the depolarization

ratio was high because it was primarily composed of large non-spherical particles (Huang et al., 2007).
The vertical profiles of total attenuated backscatter at 532 nm and VFM clearly show the vertical
structures of the dust layers over the western part of India and AS at the same altitude (3-5 km)
suggesting a long-range transport of dust aerosols (Liu et al., 2008). The location where the higher
attenuated backscatter values are presented for the dust plume occurrence is in close agreement with
MODIS AODsso and OMI-ALI figures, while the movement of the dust plume to the east is consistent
with the KALPANA-1 VHRR images. These comparisons reveal the great importance of using the
CALIPSO data for the identification of such events over the globe.

3.4 AERONET measurements

The CIMEL measurements at six AERONET stations located in the study area are examined in this
section in order to reveal the spatio-temporal effect of the dust plume on the aerosol load and optical
properties (Fig. 9). The stations are characteristic of different environments, such as continental areas at
Arabian Peninsula and Persian Gulf (Solar Village, Abu_Al Bukhoosh) directly affected by dust, urban
areas in South Pakistan (Karachi) having both natural and anthropogenic emissions, stations in India
(Pune and Kanpur) with significant amount of urban aerosols and MCO located in the southeastern AS
with significant effect from urban-pollution transport from the Indian subcontinent. The colors were
chosen in such a way in order to show the location of the stations according to longitude (i.e., violet-to-
red for western-to-eastern stations). This can help in understanding the temporal variation of the aerosol
properties directly controlled by the movement of the dust plume. The AODsoo (Fig. 9a) shows higher
values at the western stations on the first days and lower afterwards; when on the contrary, the AODs00
increased on 22 February in the eastern stations, directly affected by the dust storm. This fact verifies the
aforementioned statement that the dust storm was above the Arabian Peninsula and Persian Gulf two
days before, but with a low intensity. The highest AODsoo is observed over Kanpur and Karachi
(measurements only on 23 February) due to the combined effect of natural (desert dust) and

anthropogenic aerosols. The different environments divide the six stations into two groups regarding the



a440-870 values (Fig. 9b). The stations with significant contribution of anthropogenic aerosols present
much higher 0440-870 values (>1.0) compared to the rest (<0.5). The temporal variation of the 0440-870
values is somewhat similar to that of AODsoo. Thus, the western stations exhibit lower values on 21
February, just after the passage of the dust storm over their locations, while the eastern stations present

lower a440-870 values in the end of the period, since the dust plume affects those 2 days later.

The dominant aerosol types (coarse- and fine-mode) can easily be defined in Fig. 9c, where the
coefficient a2 from the second-order polynomial in the InAOD vs InA values (InAOD=a2 InA2 + a1 InA +
a0) is analyzed. This coefficient shows the curvature and can further be used for the discrimination of the
different aerosol types (Eck et al., 1999; Kaskaoutis et al., 2007b). The almost zero or positive values
show a significant contribution of the coarse-mode aerosols, while the negative ones are characteristic
for the presence of fine-mode aerosols. The very large values for Pune in 18-19 February are composed
by large uncertainties while in all the other cases the polynomial fit was accurate (R2>0.98). This
coefficient seems not to have great effect from the dust plume, especially for the coarse-mode aerosols.
On the other hand, there is a tendency for higher (less negative) a2 values for the fine-aerosol dominated
stations. This indicates higher contribution of coarse-mode aerosols in the atmospheric column on the
last days probably affected by the presence of dust. The temporal variation of the fine-mode fraction
(Fig. 9d) is similar to that of Q440-870, further verifying the eastwards movement of the dust plume. A
general statement that can be revealed from Fig. 9 is that the variation in aerosol load and properties is
more pronounced at continental stations without influences of local anthropogenic sources. In such areas
the natural sources (dust storms or biomass burning) affect more intensely the aerosol field in the

vertical (Kambezidis and Kaskaoutis 2008).
3.5 DREAM predictions

The DREAM images during the dust event are also provided (Fig. 10) in order to show the spatial
distribution of the dust load (g m-2) and concentration (ug m-3). The DREAM model focuses its
predictions above and near the major dust-source regions (Sahara/Sahel and East Asian deserts).
Therefore, its coverage over the study region is limited to including Pakistan and continental India. The
DREAM images are provided for 21, 22 and 23 February at 12:00 UTC. Both dust load and
concentration over Pakistan and India seems to be larger on 21 February continuously decreasing on the

other two days. This is opposite to the satellite and AERONET results presented above, which show



major intensity of the dust plume on 22 and 23 February. The DREAM model shows large dust load and
concentration over Taklamakan desert in western China. Since the major dust sources in east Asia are
displayed in western China and Mongolia the model is mainly specified at these areas as well as the
whole Mediterranean basin; over these regions the DREAM predictions seem to be in close agreement
with lidar and AERONET measurements (Pérez et al. 2006). This may be the main reason for the
relative inability of the model to predict the dust intensity and spatio-temporal distribution above south
Asia. However, the model clearly shows the dust presence over Pakistan and western India and can

constitute a useful tool in monitoring dust outbreaks from the Thar Desert.
3.6 Lidar measurements in Hyderabad

Both satellite sensors and sun photometers measure the columnar aerosol properties without providing
any information about the vertical structure of the aerosols. However, in many cases the surface aerosol
properties may be different from columnar aerosol ones because of the presence of distinct aerosol
layers above (Ramanathan et al., 2001; Satheesh et al., 2006b). Such vertical aerosol layers may occur as
a consequence of strong thermal convection, which lifts aerosols from ground to greater heights. It could
also occur due to the long-range aerosol transport (Pérez et al. 2006). Therefore, knowledge of the
vertical distribution of the aerosols in the atmosphere is important in estimating its radiative forcing
(Kinne and Pueschel, 2001). The information on the vertical aerosol distribution is sparse over India.
There exist a few studies on the vertical distribution of aerosols using aircraft-based measurements
(Moorthy et al., 2004; Tripathi et al., 2005). More recently, Satheesh et al. (2006b) found that the winter
aerosol-lidar profile was extended to higher altitudes than the summer one at the urban continental
station of Bangalore, near Hyderabad. The present work is among the very first studies using vertical

aerosol profiles over Hyderabad during dust storm period.

In this section the vertical distribution of aerosols over the urban location of Hyderabad in central India,
is examined using a lidar system and the effects of the boundary layer dynamics and the long-range dust
transport above it are deduced. Figure 11 shows the lidar-derived aerosol backscatter profile at 532 nm
on 22 and 23 February 2008, those two days that were affected by the long-range dust transport. The
time shown is Indian Standard Time (IST). The lidar measurements started in the evening (~18:30) on
22 February and continued till early morning of 23 February (~06:00). Nighttime and early morning

hours are characterized by a shallow layer of anthropogenic aerosols, a few hundred meters thick.



During nighttime the rapid cooling of the Earth’s surface leads to the formation of the nocturnal stable
layer, trapping the aerosols into it. As day advances, the strong convective eddies are seen to diffuse the
aerosols vertically up to more than 1.5 km. As expected, the majority of the aerosols are confined to a
shallow layer (~1 km), especially in the early morning hours of 23 February, when the aerosol load near
the ground starts to increase due to anthropogenic activities. In the night hours (23:00-03:00) the near-
surface aerosols are significantly lower due to decrease in anthropogenic activities and emissions. In the
evening hours of 22 February the aerosol profile shows the presence of a strong turbulent mixing, lifting
the aerosols upwards. Thus, the aerosol layer deepens significantly to reach as high as about 2 km (from

>1 km at night).

Despite the boundary-layer aerosols, an elevated aerosol layer (~3 km) is observed above them
suggesting long-range transport of dust aerosols, influencing Hyderabad at midday of 22 February (not
shown). The plume-like structure of increased aerosol concentration is visible above the boundary layer
aerosols extending up to 3 km. The vertical extent of the dust aerosols over Hyderabad is in general
agreement with the Sahara dust transport over Spain (Pérez et al. 2006) and Atlantic (McConnell et al.,
2008), mainly being formed between 2 and 4 km. The information on the physical properties of

boundary- layer aerosols and free-troposphere ones can be derived using lidar measurements.
3.7 Solar radiation measurements in Hyderabad

Surface solar irradiance measurements were also carried out in the tropical urban region of Hyderabad,
India, to examine the effects of the long-range transport of dust aerosols. Figure 12 shows the day-to-day
variation of AODsoo and a-Angstrém before, during and after the dust-plume passage (18-25 February
2008). It should be mentioned that no data were available on 24 February due to an extended cloud
cover over the area. The AODs were obtained from the MICROTOPS-II sun photometer in a time
interval of 30 min, starting at ~09:00 and ending at 17:00 IST. The a-Angstrém was calculated in the
spectral band 440-870 nm (Q440-870), using the least-squares technique, in order to be comparable with
that of the AERONET stations; this calculation method has recently been established as the least
imprecise and wavelength-dependent (Kaskaoutis and Kambezidis 2008). The AODsoo presents very
large values, often above 0.8, exhibiting a mean value of 0.78340.242 indicative of very turbid

conditions over Hyderabad. These values are higher than previous ones in the same area (Latha and



Badarinath, 2005b; Badarinath et al., 2007b), as well as those presented over four AERONET sites
(Kambezidis and Kaskaoutis, 2008) or over urban Athens (Kaskaoutis et al., 2006).

On certain occasions the AODsoo takes extremely high values (highlighted as dust events in the figure).
Two of these events are presented on 22 February, when the dust plume affects Hyderabad area. On that
day the dust plume also affected the AERONET stations (Fig. 9) in continental India (Pune and Kanpur),
which are located at similar to Hyderabad longitudes. Such high AOD values have also been observed
over Hyderabad during the dust event of 10 April 2006 (Badarinath et al., 2007a). However, the peaks in
AODsoo on certain occasions may be contaminated by thin cirrus clouds at the measurement time,
undetected with naked eye. The Q440-870 has a mean value of 1.019+0.194 exhibiting a trend for lower
values on 22 and 23 February (daily mean of 0.89 and 0.92, respectively), during and after the dust-
plume passage. Moreover, the peaks in AODsoo are associated with gaps in Q440870 values, further
indicating that the larger AODs are mainly attributed to enhanced aerosol load composed of coarse-
mode particles. Similar a values, with and without dust, were observed over Hyderabad during the dust
event of 10 April 2006 (Badarinath et al., 2007a). Comparing the Q440-870 values in Hyderabad with those
at the six AERONET sites (Fig. 9), it is concluded that the Hyderabad site exhibits aerosol
characteristics between the two groups revealed in Fig. 10, indicating a rather mixed aerosol type under

very turbid conditions.

The scatter plot of AODsoo vs 0440-870 can be used for the identification of different aerosol types (EI-
Metwally et al., 2008). The same plot is performed for the study period (18-25 February) over
Hyderabad (Fig. 13). From the AODsoo vs 0440-870 diagram dust and anthropogenic aerosols can be
identified over Hyderabad. Note that the dust aerosols are mainly detected on the last days (22 and 23
February), while the anthropogenic ones on the first days of the study period. However, the combined
effects of both natural and anthropogenic aerosols over the region result in a rather mixed-aerosol type
as regards the daily mean values, according to the suggestions by Pace et al. (2006) and Kaskaoutis et al.

(2007b).

In India, efforts have been made to study the aerosol behavior and their interaction with solar radiation
in some urban cities establishing a network of seven stations (including Hyderabad) under the Indian
Space Research Organization Geosphere Biosphere Program (ISRO-GBP), where a multi-wavelength
solar radiometer is deployed (Moorthy et al., 1999). Using the organized network of ground-based



instruments at Hyderabad actinometric station, the solar irradiance attenuation can further be
investigated on 22 and 23 February 2008. Figure 14 shows the MFRSR measured variations in the three
components (global, diffuse and direct-beam) of solar irradiance (400—1100 nm) on 22 and 23 February.
The black color corresponds to 22 while the red to 23 February. A significant reduction in direct-beam
irradiance started after 15:00 LST on 22 February (the black curves are much lower than the red ones)
and continued up to 11:00 LST on 23 February (the red curves are lower than the black ones). Similarly,
reduction in global solar irradiance occurred in this time interval associated with an increase in diffuse
component. The higher aerosol loading due to the dust-plume passage over Hyderabad at these hours
seems to have a great influence on the amounts of solar radiation at ground level. In the time interval of
the intense dust-plume event over Hyderabad (14:00-17:00 LST on 22 February) the reduction in global
solar irradiance was calculated to 11.6%, while that in direct-beam to 41.7%. In contrast, the diffuse
radiation increased 24% in this time interval, compared to that without dust over the area. Moreover,
PMio concentrations measured by a high-volume sampler also showed ~50% increase for the same time
period. It should be noticed that the change in solar irradiance components in the morning hours of 23
February can partly be attributed to the enhanced aerosols in the boundary layer (Fig. 11). However,
despite the thick aerosol layer near the surface, the dust plume is also apparent at this time over

Hyderabad.

The changes in solar irradiance due to the additional aerosol loading are further investigated through the
diffuse-to-direct-beam ratio (DDR) on 22 and 23 February. The diurnal spectral variation of DDR is
shown in Fig. 15 for the six MFRSR wavelengths. DDR has been established to constitute a useful
parameter in estimating atmospheric optical properties, such as optical depths and light absorption index
(King, 1979). DDR is also sensitive to aerosol loading and single scattering albedo and has been used to
distinguish aerosols in respect of their origin (e.g. desert dust and biomass smoke) in Mediterranean
(Meloni et al., 2006). More recent studies (e.g, Kaskaoutis et al., 2007¢) have shown that DDR can
constitute a powerful tool for monitoring atmospheric turbidity. These studies have shown that as the
wavelength increases the DDR has negligible effect on the solar zenith angle and, thus, it can be
assumed that DDR depends only on atmospheric turbidity. DDR has already been used over Hyderabad
in order to identify the dust event of 10 April 2006 (Badarinath et al., 2007a). It is clearly shown that the
DDR values are higher on 22 February (black) after midday when the dust load affects the study area. In
the morning hours of 23 February DDR is larger than the respective of 22 February, as has previously

observed in the solar irradiance and AODso0o measurements. In general, the diurnal variation of DDR



exhibits similar plot for all wavelengths. The differences are depicted in late afternoon, where the DDR
increases at the shorter wavelengths only. This increase is attributed to the effect of solar zenith angle
and not to an increase in turbidity levels, an effect that is diminished at the longer wavelengths

(Kaskaoutis et al., 2007c).
4. Conclusions

In the present study a wintertime intense dust storm occurred in south Asia (including Persian Gulf,
Arabian Sea and western India), was investigated via remote-sensing observations and ground-based
measurements. Several satellite observations from sensors such as MODIS on board Terra and Aqua,
OMI on board AURA, CALIPSO and KALPANA-1 VHRR were used to detect the main source regions
of the dust outbreak and monitor its spatio-temporal variation. Additionally, AERONET measurements
over six stations in south Asia as well as MICROTOPS-II and MFRSR measurements over Hyderabad,
India, accomplished and partially validated the satellite observations. Finally, the models MM5 and
DREAM were used to provide the meteorological fields favoring the desert-dust emission and the

spatio-temporal distribution of the dust load and concentration, respectively.

Strong winds, both in surface and middle troposphere, favored the exposure, uplift and long-range
transport of desert-dust aerosols covering an extended area of the Persian Gulf, AS, Pakistan and
western India. The prevailing wind direction was southwest-to- northeast, transporting the dust plume
eastwards. The areas in the Persian Gulf were affected by the dust plume one or two days before its
major intensity, which occurred on 22 February, while locations in continental India one day after. Both
MODIS and OMI observations identified aerosols in Pakistan, where the dust plume presented its
highest intensity. All the satellite sensors showed an eastward movement of the dust plume. Significant
contribution was offered by the KALPANA-1 geostationary satellite, which provided a unique
opportunity to monitor the transport of dust aerosols over the Indian region. The AOD values associated
with the dust event were very high and comparable to those of other intense dust storms worldwide.
Lidar measurements over Hyderabad revealed an elevated aerosol layer (~3 km) above the thick
boundary aerosol layer, thus giving very large AODsoo values (above 1.0) on certain occasions during
the dust event. The dust presence over Hyderabad in the afternoon hours of 22 February caused a
significant decrease in global and direct-beam irradiances with a concurrent increase of the diffuse

component.



The combined use of satellite sensors with sun photometer measurements, regional dust models and
lidar systems, sounds very appropriate for the dust transport investigation. The improvement of the
knowledge about the dust-source regions, the transport pathways, the seasonality of the dust storms and
their optical characteristics above south Asia and AS must be further achieved by a combination of in-
situ and remote-sensing measurements and experimental campaigns. Since the contribution of dust to the
total atmospheric aerosol load is significant, future efforts in examining the global climate could focus

their main efforts on understanding the role of dust in the climate system.
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Figure Captions

Figure 1. Spatial distribution of the wind speed and direction at 500 (a) and 700 hPa (b) at 12:00 UTC
on 22 February 2008 over south Asia derived by MMS5.

Figure 2. True visible Terra-MODIS image on 22nd and 23:d February 2008 above south Asia (a); False
Color Composite (FCC) of Terra/Aqua — MODIS on 22xd February 2008 above AS. The dust plume is
highlighted in both figures.

Figure 3. Temporal variation of the Terra (black) and Aqua (red) MODIS AODsso (a), FM (b) and
Angstrém exponent a in the spectral band 550-865 nm (c) values over south Asia. The values are
averaged in the area 9-33 No, 49-78 Eo. The vertical bars show one standard deviation from the mean
and are attributed to the spatial aecrosol inhomogeneity.

Figure 4. Temporal variation of the Terra (a) and Aqua (b) MODIS-AODss0 according to the latitude,
before, during and after the dust event. The values are longitude-averaged in the area 49-78 Eo. The
underlined areas correspond to individual dust-plume characteristics.

Figure 5. As in Fig. 4, but for the FM fraction.

Figure 6. Spatial distribution of the Terra-MODIS AODsso0 values on 22 February (a), and 23 February
(b), as well as the respective FM fraction on 22 (¢) and 23 (d) February, over south Asia.

Figure 7. Spatial distribution of the OMI-AI values from the Aura satellite on 22 (a) and 23 February
over south Asia.

Figure 8. False Color Composite (FCC) images from the KALPANA-1 VHRR geostanionary satellite at
06:00 (a), 09:00 (b), and 12:00 (c) UTC on 22 February, and at 05:00 UTC (d) on 23 February, over
India.

Figure 9. Total attenuated backscatter profiles (km-1 sr-1) at 532 nm and the Vertical Feature Mask
(VFM) image for daytime (08:30 UTC) (a) and nighttime (20:56 UTC) (b) conditions over south Asia
obtained from CALIPSO observations. The VFM image divides the CALIPSO signal into seven
categories. In the bottom of the figures the latitude (above) and the longitude (below) of the CALIPSO
trajectory are also given. The whole CALIPSO trajectory is given in the upper panel of the figures,
while the trajectory path is shown in blue.

Figure 10. Temporal variation of AODsoo (a), Angstrém exponent d in the spectral band 440-870 nm (b),
coefficient a2 from the polynomial fit InAOD= a2 InA2+ a1 InA + a0 (¢), and FM fraction (d) from six
AERONET stations in south Asia, before, during and after the dust event. The longitude of the stations
corresponds to the colored scale (violet-to- red indicates west-to-east).
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b Aerosol Backscatter (10° m™ sr™) on 22" and 23" February 2008
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