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Abstract

The Arabian Sea is an enclosed basin surrounded by land and is prone to receive large
amount of aeolian dust from the continent. This can significantly impact surface water
biogeochemical processes. In this study, an attempt has been made to quantify the amount of dust
transported from Middle East region to Indian subcontinent (sampling site is Goa; 15.45 °N 73.80
°E; located in the northeast Arabian Sea) via the Arabian Sea. We identified a dust storm episode
(02-10 April 2015) in the Arabian Peninsula and its propagation to the study site (Goa) using satellite
data (MODIS and CALIPSO). The impact of the dust storm at Goa has been computed using
ambient particulate matter concentration and satellite retrieved optical parameter. These observations
were further substantiated using ground-based micro-pulse lidar measurement. The daily averaged
lidar profile shows relatively high depolarization ratio (0.1-0.25), as well as high daily average
backscatter coefficient (up to 0.08 Sr' Km™) and extinction coefficient (up to 0.9 Km™) during the
storm period compared to non-dusty days. During this period, a two-layer (rich in non-spherical
particle) structure with significantly high linear depolarization ratio is observed, indicating the
impact of the dust storm at the coastal region of India. Ambient mass concentration of dust estimated
using CALIPSO profile are comparable with the gravimetric mass measured from high volume
sample collection. The back-trajectory analysis further supports the advection of air-mass from the
Middle East to Eastern Arabian Sea. This study highlight the significant role of long-range transport
in impacting dust load at the remote/receptor sites.
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1. Introduction

Aeolian dust is one of the major components of continental aerosol, which plays a significant role
in the various oceanic, atmospheric and terrestrial processes (Arimoto, 2001; Jickells et al., 2005;
Mahowald et al., 2017). These dust particles undergo long-range transport under favourable
meteorological condition, during which their chemical properties get modified and can significantly
impact on regional radiative forcing of receptor regions (Prospero et al., 2002; Arimoto, 2001,
Ginoux, 2017;Klingmiiller et al., 2019).These dust particles are carrier of several macro- and micro-
nutrients from continents and can fertilize marine and terrestrial ecosystems (Duce et al., 2008;

Jickells et al., 2005; Rizzolo et al., 2016; Guieu et al., 2019).

The Arabian Sea, located in the Northwestern part of Indian Ocean receives large quantity of
dust from surrounding arid/semi-arid region (Tindale and Pease, 1999; Kumar et al., 2008;Lakshmi
et al., 2019). Apart from supplying nutrients to Arabian Sea, which significantly modulate primary
productivity (Kumar et al., 2008; Banerjee and Kumar, 2014,Shafeeque et al., 2017;Guieu et al.,
2019; Bali et al., 2019; Tyagi et al., 2019), these dust particles can also impact on mesoscale
processes leading to the break monsoon period during the rainy season over Indian subcontinent
(Vinoj et al., 2014; Jin et al., 2016; Dave et al., 2017). In addition, studies have shown that absorbing
dust aerosols over the Arabian Sea can enhance the southwest monsoon flow by heating the
troposphere (Jin et al., 2015). Due to the seasonality in wind regime, a large variability in the amount
as well as type of dust is found over the Arabian Sea(Tindale and Pease, 199;Prospero etal., 2002; Jin
et al., 2018; Rashki et al., 2019).During summer months (March-June)episodic wind system such as
summer shamal and loo wind are formed over south west Asia (Ramaswamy et al., and reference
therein). These episodic wind systems and the continental northerly wind over the Indian peninsular
region have potential to carry dust from surrounding Indian sub-continent and Middle-East as well as

southwest Asia (Krishna Moorthy et al., 2013, Kumar et al., 2014) towards the Arabian Sea.

Dust storms are frequent phenomenon in the South Asian region during pre-monsoon period
(Goudie and Middleton, 2006). Dust storms over Indian subcontinent are mainly derived from the
Thar Desert in western part of India, Arabian Peninsula as well as in the desert region spread over
Iran and Pakistan (Prospero, 2002; Goudie and Middleton, 2006). A large amount of dust particle
gets into the atmosphere due to these storms, which can undergo long-range transport over northern
India including Himalayan mountains range (Dey et al., 2004; Hegde et al., 2007; Sharma et al.,
2012; Kumar et al., 2014; Kaskaoutis et al., 2015; Kumar et al., 2015; Sarkar et al., 2018) and up to
far east region of India (Duchi et al., 2011; Chatterjee et al., 2012). These dust storms are recognized

as extreme events which have potential to impact Indian monsoon, hydrological system, regional



radiative forcing and thus on the climate (Gautam et al., 2011; Singh, 2014; Pandey et al., 2017; Patil
et al., 2018; Kaskoutis et al., 2018; Sarkar et al., 2018). Considering their importance in regional
context of Indian subcontinent, various studies have been undertaken in past to characterize(physical
and chemical properties) dust derived from storms and transported over Indian subcontinents (Dey et
al., 2004; Gharai et al., 2013;Chinnam et al., 2006;Srivastva et al., 2011;Prasad and Singh, 2007,
Sharma et al., 2012; Kumar et al., 2014; Kumar et al., 2015). Most of these studies were focused on
the characteristics and impact of dust over the continental site (receptor region). However, there are
very few studies which reported on the quantification and their impact over the marine region,
particularly over the Arabian Sea (Kumar et al., 2008; Singh et al., 2008). Using satellite
observation, Singh et al.(2008) had shown dust induced enhancement in primary productivity
(Chlorophyll concentration) during storm events in the Northern Arabian Sea. Another modelling
study by Patra et al.(2007) had inferred the role of atmospheric deposition over vertical mixing in
amplifying chlorophyll abundance over the Arabian Sea. It is thus crucial to quantify dust supply
over the Arabian Sea, during dust storms to understand various biogeochemical processes operating
in the surface waters. In this study, we have identified a dust storm in the Middle-East region and
tracked dust transport to receptor (sampling) site via the Arabian Sea. Our main objective is the
quantification of dust transported to the Arabian Sea and to assess the impact of dust storm at
receptor region in Northeast Arabian Sea. This has been done using satellite retrieved data over the

source and the Arabian Sea as well as in-situ ground based measurements at the receptor region.
2. Data and Sampling
2.1 Site description

Atmospheric aerosols observations have been carried out in the campus of Council of
Scientific and Industrial Research-National Institute of Oceanography (CSIR-NIO), located in Goa
(15.45°N, 73.80°E). The measurement site was at a height of about 40 m above mean sea level and ~
500 m away from the Arabian Sea.The Arabian Sea surrounds this siteon its western side and by the
Western Ghats on its eastern side (shown in Fig. 1). The site experiences the southwest monsoon
(during June to September) and Northeast monsoon (December to February)annually.Aerosol
properties are significantly impacted by reversing monsoon wind pattern at this site (Shirodkar and
Menon, 2015) wherein, high aerosol optical thickness and large aerosol size particles being observed
during summer than winter (Shirodkar and Menon, 2015). In addition, major depressions formed in
the North Indian Ocean as well as sea-land breeze plays an important role in modulating the diurnal

properties of aerosol over this region (Chazette, 2003).



2.2 Data used
2.2.1 CALIPSO data

In this study, we have used Cloud-Aerosol LIDAR with Orthogonal Polarization (CALIOP)
version 4.10 level 2 aerosol layer products to quantify the dust present in the atmospheric column.
CALIOP is a two-wavelength, polarization LIDAR (Winker et al., 2007)which is a part of an
environmental satellite CALIPSO (Cloud-Aerosol LIDAR and Infrared Pathfinder Satellite
Observations).CALIOPmeasures the vertical profile of atmospheric particles at 532 and 1064 nm
near nadir during both day and night. The observations at night time are more accurate compared to
that in daytime, because of the interference caused by solar insolation to the total backscatter profile.
For this study, we have selected CALIOP night time profiles from 02 -10 April 2015, as the dust
storm was started on 02 April ended by 10 April (Fig.1). CALIOP path profile is available with 5
Km horizontal, 60m vertical and 16-days temporal resolution, so we selected large region from 40 —
85°E longitude and 5°- 40" N latitude to get adequate number of satellite pass over the study region.
Total 13 CALIPSO aerosol path profiles selected out of 65 satellite passes for this study. These
selected passes were divided in to three categories near to dust storm generation or source region (S;
n = 6), near to the receptor region Goa (G; n = 3) and over the Arabian Sea (C; n = 4) (supplementary

Fig. S1 and S2).

Total backscattering coefficient (TBC), depolarization ratio (DR) at 532nm, cloud aerosol-
discrimination (CAD)score and extinction quality control (EXT_QC)flag products from the CALIOP

measurements were used (https://eosweb.larc.nasa.gov/project/calipso/calipso_table). Aerosol

profile data up to 7 Km is selected for the calculation of dust, as dust presence above 7 Km is
negligible as compared to the lower altitude. CAD Score (from -20 to -100) is used to filter the
aerosol profiles(Liu et al., 2009;Yu et al., 2010). We used EXT QC flag to remove the false retrieval
from TBC values in the level 2 aerosollayers (Winkeretal., 2013). Those aerosol layers with values
of 0, 1, 16 and 18 were accepted only. The aerosol extinction value retrieved in the Level 2 products

are associated with an uncertainty which are discussed in Young et al., (2013).

DR is used to identify the sphericity of particle wherein spherical particles has near zero
value, however, non-spherical particle has a typical range from 0.1 to 0.4 (Liu et al., 2008;
Murayama et al., 2001). In this study, we used DR threshold values for dust (6d)= 0.20 - 0.30 and
for non-dust (énd) = 0.07 -0.02(Hayasaka et al., 2007, Yu et al., 2015, Yu et al., 2019).The dust
backscatter coefficient (m_1 sr_l) profiles were derived from the profiles of total backscatter and f

(ratio of dust to total backscatter) following this equation (Yu et al., 2015)



f4= (06 =81 +82)) + (1 + 8)(8a + 6na)

Assuming a lidar ratio of 40 Sr at 532 nm, the dust extinction coefficient were calculated
(Omar et al., 2010).Subsequently,we calculated the concentration of dust (in g m™)using the mass
extinction efficiency (MEE) and dust extinction coefficient. MEE is defined as the ratio of extinction
coefficient to aerosol mass concentration taken 0.37 m” g ' at 532 nm (Kaufman et al., 2005;

Maringet al., 2003;Yu et al., 2015).
2.2.2 MODIS data

Moderate Resolution Imaging Spectroradiometers(MODIS) observations have a spatial resolution
of 1 km at nadir with a swath width of 2330 km and has 36 spectral bands for the data retrievals
(Esaias et al., 1998; Hosoda et al., 2007; Kilpatrick et al., 2015). Level 3 gridded daily mean of
Aerosol optical depth (AOD) and angstrom exponent (AE) from MODIS Aqua data product were

used in this study(https://giovanni.gsfc.nasa.gov/giovanni/# ). AOD is available at 550 nm

wavelength and AE is available in the spectral bands of 412-470 nm for land. The uncertainty in the
AOQOD data over land is estimated to be £0.05 £ 0.20 x AOD (Levy et al., 2010; Remer et al.,2005,
2008).The Angstrom exponent (AE) provides information on the size of aerosols.The Angstrom
exponent is estimated from AOD. It is the negative slope of AOD for a particular wavelength in
logarithmic scale. Larger the AE means smaller the particle size. In this study, version 6 products
were used which is generated based on the second-generation operational dark target (DT) algorithm
(Gupta et al., 2016). The DT algorithm was developed to retrieve aerosols over dark-target surfaces
(over oceans) and deep blue algorithms were mainly useful for bright surfaces (over continents). DT

can misinterpret the aerosol information above the bright surface like desert.
2.2.3 OMI products

We used aerosol index (Al) data from the Ozone Monitoring Instrument (OMI).The aerosol
index is an index that detects the presence of UV-absorbing aerosols such as dust and soot. It is the
difference between the observations and model calculations of absorbing and non-absorbing spectral

radiance ratios. For the OMI, UV-AlI is defined as

1360 1360
UV — Al = 100(log 10 (—) measured — log10 (

7331 1331) calculated)

(I360 / I331)measured are the radiances measured at 360 nm and 331 nm and (1360 /
[331)calculated are the calculated radiances at 360 nm and 331 nm assuming a Rayleigh scattering
atmosphere. Positive value of UV-AI gives the presence absorbing aerosol such as mineral, volcanic

aerosol and biomass burning products. Negative values represent the non-absorbing aerosols like sea
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salt.We have used gridded daily mean UV-AI at 1° x 1° spatial resolution (Ahmad et al., 2003)from
01 April to 13 April 2015atreceptor region (15.45°N 73.80°E) from the Giovanni data portal

(https://giovanni.gsfc.nasa.gov/giovanni/#).

2.2.4 ECMWEF-ERA interim data

To study the spatial coverage of wind pattern over the study region, ERA-Interimre analysis
data were used.TheERA-Interimglobal atmospheric reanalysis product were provided by the
European Centre for Medium-Range Weather Forecasts(ECMWF).The gridded u and v components
of wind data are available at every6bhours (http://data-portal.ecmwf.int/data/d/interim da
ily/levtype=pl/) at different spatial and temporal resolution as well as pressure and isentropic level.
We used u and v wind components at a spatial resolution of 0.75° x 0.75° (Dee et al. 2011). The
complete  documentation  regarding the data is available on the  website

http://www.ecmwf.int/publications/newsletters.

2.2.5 HYSPLIT trajectories model output

Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model data are provided
by the National Oceanic and Atmospheric Administration (NOAA). The source of air parcel has
been calculated with the information of meteorological parameters like rainfall, humidity,
temperature and solarradiation flux of different levels from the different regional

observations(https://ready.arl.noaa.gov/HYSPLIT.php) (Draxler and Rolph,2003). To identify the

source of air parcel, the HYSPLIT backward trajectory model is used.We have computed 7-days
back trajectories by running the model at 1200 hours UTC which is 1730 local time for
synchronizing our filter based sampling. The back trajectories were computed, ending at our

sampling site from,03 April till 13 April at 4 altitude levels (500, 1000, 2000 and 5000 amsl).
2.2.6Micro Pulse LiDAR data

Vertical profile data were retrieved by operating a micro pulse LIDAR (MPL; model number
MPL-4B-IDS-532-AT by Sigma Space Corporation). LIDAR was installed at 40 m height from the
mean sea level at our sampling site on July 2013. It detects the backscattered light by atmospheric
particulate and calculates its magnitude as a function of time. MPL operates at a wavelength of 532
nm at the rate of 2500 Hz with a pulse width of 9.3 ns and optical laser energy of 6-8 uJ. It has a
telescope of 7-8 inches of diameter with focal length of 2.35 m and field of view 81.71 prad which is
used for transmitting and receiving the laser signals. The MPL was operated 24 hours a day with 30
m vertical and 30 second temporal resolution. Various parameters viz. depolarization ratio,

normalized relative backscatter (kmzl,ts'1 u]’l), backscatter coefficient (Km™ Sr' and extinction
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coefficient (km™) were calculated from MPL data set during 01-13 April 2015 (Flynn et al., 2007;
Campbell etal., 2003; Fernald 1984).

The magnitude of the backscattered light was used to identify the concentration of
particulates and difference between the emitted and received signal was used to calculate the distance
to the particulates. Scattering of the particulates measured on the basis of Mie scattering, which
determine the size of particulates equal or larger than the size of the emitted the wavelength. Mainly
two parameters were used for the study, one is normalized backscatter (NRB) and the other one was
depolarization ratio. NRB is calculated using the raw scattered photon counts, laser energy and
instrument —specific correction terms and solving the system calibration coefficient through the

LIDAR equation (Campbell et al., 2003).

NRB(r) = C[pm(r) + fp(MIT*(r)

Where C is the LIDAR constant, fm(7) is the molecular volume backscattering coefficient and f,(r)
particle volume backscattering coefficient,  is the range and 7°(7) is the round-trip total optical

transmission.

Depolarization ratio can be defined by following equation:

(NRB cross =+ NRBco)
(NRB cross = NRBco + 1)

Depolarization ratio, Signal =

where NRBcross and NRBco are the plane of polarization of backscattered laser perpendicular and

parallel to emitted laser respectively.
2.3.7 High volume sampling on filters.

We also collected aerosol samples during dust event as well as before and after dust storm
(referred as non-dusty samples). A high volume sampler (ENVIROTECH APM 460 DXNL) with
PMI10 inlet was used to collect aerosol dust. The collected filter samples of PM10 were kept in foil
and sealed in zip-lock bags for further gravimetric and chemical analyses. Using the volume of
sampled air and weight difference of filter after and before sampling, mass concentration (in pg m™)
of PM10 were estimated as

(finalWt. —InitialWt)
Vol.ofairsampled

Mass concentration(ugm|—3) =



3. Results and Discussion
3.1 Identification of dust storm and propagation of dust over the Arabian Sea.

MODIS datasets and truecolour images are widely used for identifying the dust storm over
source region as well as its transport to remote locations (Kunte and Aswini, 2015; Singh et al.,
2016; Tiwari et al., 2019). Fig. 1 shows the MODIS- Aqua true color images (visible) during the
intense dust storm event in the Middle East region. These images depict emission and propagation of
dust aerosols between 02 April and 10 April 2015, from Arabian Peninsula towards Indian
subcontinent via the Arabian Sea. Dust storms are frequent phenomenon in Middle-East during the
pre-monsoon period (Goudie and Middleton, 2006; Prospero et al., 2002, Beegum et al., 2018) and it
is one of the major source of dust to the Arabian Sea. A significant amount of dust (26-531 Tg)
loading is reported, using airborne, ground-based observations and modeling studies, over the
Arabian sea (Huneeus et al., 2011). In our study, a dust storm is identified on 02April (using MODIS
image; Fig. la) around the southeastern region of the Arabian Peninsula (which includes the Ad-
Dhahna desert and Rub- Al-khali desert (Fig. 1a). This storm started propagating towards south
eastward direction following the surface wind pattern (shown inFig. 2). Typically, dust storms over
the Arabian Peninsula region are mainly caused by pressure gradient existing during the inter-
monsoon period. During winter (December-February) months, high-pressure belts lie in North
Africa, and northwestern Arabian Peninsula are connected with the Siberian high. This high-pressure
buildup starts fading during spring (March-May) months with the simultaneous increase in the
surface heating that leads to low pressure in the southeastern side of the Arabian Peninsula which
spreads over northern part. This transition in the pressure systems creates an unstable situation and

leads to frequent spring dust storms in Saudi Arabia (Al harbi, 2008).

After the generation of this dust storm, it spreads entire southwest Asia, the northern Arabian
Sea and Indian region within a week (Fig. 1 c-h). The transport of aeolian dust after the emission is
mainly controlled by prevailing wind pattern over the Arabian Sea. During the study period, trade
winds and strong westerlies are dominant wind pattern over this region which transports aeolian dust
toward south-east Asia and Indian sub-continent (Fig. 2). Surface dust travels towards south
following the direction of trade winds (Fig. 2).Upper-level dust transport is carried out by the strong
westerlies, wherein dust plume travel towards the Pakistan, Afghanistan, and northern Indian
region(Fig. 2 a-b). High speed (more than 10 ms™) westerlies are dominant over dust source region
(Fig. 2b) leading to faster dispersion of dust in a very short time. From 03 April onwards strong

winds were observed towards India and blew parallel to the coastal region of the western side of



India as well as toward the southern hemisphere, which brings the dustup to our sampling site (Fig. 2
c).

During our study period, 13 CALIPSO overpasses were retrieved over the study area, as
shown in Fig. 2 and more clearly in supplementary Fig. S1. The black and red lines represent the
CALIPSO path over and/or near to the source and receptor regions respectively, and the blue line is
the path within the Arabian Sea (Fig. 2). CALIPSO products (TBC and DR)give further insight into
the distribution of dust aerosols.Using CALIPSO algorithm (Yu et al., 2010; Yu et al.,2015;Yu et al.,
2019),we estimated dust concentration (in pg m™), at different altitude and their vertical profile for
the available paths at source, Arabian Sea and receptor region which are discussed in section 3.3.
This retrieved profile clearly shows the transport of dust from Arabia to Goa via the Arabian Sea and

in line with the observation made using MODIS images.
3.2 Impact of dust storm and temporal variability of dust at receptor region (Goa):

Aerosol optical depth (AOD) and angstrom exponent (AE)from MODIS AQUA deep blue
retrieval, and aerosol index (AI) from OMI were used to analyze aerosol load over receptor region
during the storm period as well as post-storm days. AOD and AE data calculated by using the blue
channel of the satellite instrument, at 550nm wavelength (Hsu etal., 2004,Hsu et al., 2006). AOD is
the total integration of extinction by the aerosol present in the entire atmospheric column and AE
describes the dependency of the optical thickness on wavelength and it provides an indirect
indication of the size of the particles (Dey et al., 2004). The variation of AOD and AE starting from
the dust storm day till waning of this event (02 April to 13 April) are shown in Fig. 3. AOD values
are low at the beginning and started gradually increasing from 05 April onwards reached maxima on
06 April. Very high AOD value (0.7-0.8) were observed during 06-11 April as compared to non-
dusty days, and then sharply decreases to 0.2 on 12 April and onwards. A simultaneous decreasing
trend is observed for AE (value goes up to 0) during 06-08 April with a spike observed on 09 April
and subsequently shows higher values on the following day.Interestingly, we observed high AE (0.6)
and high AOD values on 07 April, which is possibly due to presence of dust mixed with
anthropogenic components from local emissions. Vinoj et al. (2008) has observed AE values ranging
from 1.4-0.4, for aerosols over the Arabian Sea during winter period, suggesting the impact of
anthropogenic sources. These observations indicate the presence of coarse particle in higher
concentration mainly because of high dust loading. Similar increase in AOD values (more than 100-
200 %) with a corresponding decrease in AE was reported by Dey et al. (2004) over Indo-Gangetic
basin. Sharma et al. (2012) have observed the similar signature of optical properties of aerosol during

the intense dust storm in Northwestern India during pre-monsoon month of 2010, wherein, they
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found high AOD of 1.13 with low AE of 0.31 and AOD of 1.52 with AE of 0.14 at distinct dust

storm events

We also investigated the daily variation of the UV aerosol index (Al) for the study period
(Fig. 3). The Al is an important parameter which can be used qualitatively, to decouple absorbing
(mineral dust, black carbon) and non-absorbing (sulphate) aerosols. A positive value suggests near-
UV absorbing aerosols while a negative value indicates non-absorbing aerosols (Prospero et al.,
2002). We found a sudden increase in Al, from 0.8 up to 1.6, during the storm period (Fig. 3). This
increase further attests to the dominance of the dust particle at the receptor region. Various studies
over India have reported a similar increase in Al as well as AOD during the dusty period (Srivastva
et al., 2011; Sharma et al., 2012). A study by Tiwari et al. (2016), using space-borne radiometers,
have highlighted on the contribution of long-range transported dust aerosols to the Arabian Sea

showing very high Al(more than 2).

Along with optical properties, we have measured the total mass concentration of PM10
during the study period and shown in Fig. 3. The mass concentration was very low (17.4pg m) on
04 April and increased to more than 100 pg m™ and remained above 100 pg m during the dusty
period. These values are higher than the average mass concentration of total suspended particulate
(80.8 £29.5 ng m'3) reported by Agnihotri et al. (2015). It is important to mention here that we have
collected PM,( which gives a lower limit of ambient mass as particles of more than 10 um size were
removed during our collection. More than 5 times increase in mass concentration from non-dusty to
dusty day supports satellite retrievals indicating the dominance of dust during our study. An increase
of more than 150 pg m™ from the average PM10 mass is observed over the Indo-Gangetic plane due
to the intrusion of aeolian dust during the storm period (Dey et al., 2004). Thus, episodic dust storms,

even at a remote location, can significantly impact the aerosol budget at receptor regions.
3.3 Distribution of dust using CALIPSO profile at source, Arabian Sea and receptor region.

The concentrations of dust are significantly different from the surface level to higher altitude
with space and time. To understand the vertical distribution of dust, CALIPSO path profiles were
used. CALIPSOprofiles were investigated at three different regions near to source region (S); near to
sampling (receptor) region (G) and over the Arabian Sea (C) (details of CALIPSO profile and their
pass are given in section 2.2). Vertically averaged (up to 7 Km) dust concentration for each pass
between 02-10 April is shown in Fig. 4. The activation of dust storm near-source region and
subsequent uplifting of dust particles are visible in Fig. 4a. A very high dust concentration of more

than 1000 pg m”, is observed at source region. Latitudinal average (5-40°N) dust profile for 02 April
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is shown in Fig. 5a, which clearly shows a thick layer of dust (150-250 pug m™) up to the height of 2
Km. A similar thick layer with reduced dust concentration and with few dust concentration spikes (at
3-5 Km) is observed on 03April (Fig. 5b). During the transport of dust from the source towards the
Arabian Sea, a gradual decrease in dust load is seen in the CALIPSO pass over the Arabian Sea on
05 April (Fig. 4 d). However, the same pass on 05 April, shows the large latitudinal spread of dust
with the highest dust concentration around 550pg m™over the Arabian Sea.We observe minor
contribution of dust at different latitudes (Fig. 4c), with spikes of dust above 5 km (Fig. 5c) at
receptor region on 04 April. However, these dust are possibly not derived from storm activated in
Arabian Peninsula on 02 April rather from other sources. The dust emission was active till 09 April
as evident from CALIPSO passes (Fig. 4 ¢, d, e, f, h), although dust concentration was not as high as
observed on 02 April profile. There is large spread in dust layers at later days going up to 5 km on
05 April (Fig. 5d). The height of the layer increased gradually day by day and the maximum
extended vertically up to 7 km. Maximum scattering coefficient is (around 0.05 km™'Sr) observed
during the storm days.On 7 April, we find dust concentration above 7 Km height, although less than
that of total dust loading.A large spread of dust concentration is observed in the Arabian Sea passes
on 05 and 08 April (Fig. 4d and g), clearly highlighting the dispersal of dust through this pathway.
Unfortunately, due to the unavailability of CALIPSO passes near the receptor region during the dust
event, we could not assess dust loading variation. However, at the end of the dust period, we found
the signature of dust loading on 09 April. A bleak signal of dust on 10 April (Fig. 4i and 5 1)
CALIPSO pass indicate waning of the dust storm.

3.4 Assessment of dust distribution using MPL vertical profiles at the receptor region

Based on satellite retrieval (AOD, AE and Al) and CALIPSO profile, significant impact of
dust storm at our receptor location is identified from 06 April onwards. This is also corroborated by
an increase in PM10 mass concentration obtained from high volume samplers.The impact of the dust
storm is also evident from the MPL profile shown in Fig. 6, where a gradual increase in the
attenuated backscatter signal (NRB; Fig. 6a) and depolarization ratio (DR; Fig. 6b) is observed. The
distribution of NRB signal and depolarization ratio from 01 April -13 April 2015 is shown in the
height-time cross plot in Fig. 6. The LIDAR profile spanned over 12 days, was categorized into three
parts namely (1) Pre-dust event (PrD; 01-04 April) (2) During dust event (DD; 05-09 April) and (3)
Post dust event (PoD; 10-13 April), to assess variation in dust abundances. In Fig. 6a, we observe
high NRB signal (> 0.3) near the surface and decreases with increase in altitude throughout the study
period. However, the corresponding time—altitude variation of DR is significantly different (Fig. 6b),

particularly during DD days. A prominent two aerosol layer is observed in the altitude range from
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surface to 800 m and 1.6-4 Km showing higher values for DR (0.1-0.4). Such high value is indicative
of the dominance of highly non-spherical particles. The layer between two highly loaded layer(with
non-spherical particle; 800 m-1.6 km) has very low DR (less than 0.05), suggesting the presence of
relatively more spherical particles. MPL study at a station (Trivandrum) located in the Arabian
Seacoast of south peninsular India, has observed higher DR (range: 0.1-0.25) between 1 and 3.5 km,
during the pre-monsoon period (11-12 June 2008; Mishra et al.,2010) and attributed to the presence
of dust. However, DR was very low below 1 Km, during their study period and highlighted on the
existence of an elevated dust layer for the first time over the Eastern Arabian Sea. DR values at our
study site are relatively higher and stable than those observed at Trivandrum, particularly during
storm days. Another similar study by Solanki and Singh(2014), have been carried out on the annual
aerosol loading at a remote location in Central Himalaya (Nainital), where they compared the
LIDAR with the CALIPSO profile. In their study, they have observed highest loading in spring and
summer months (with 3.4 Mm™ Sr™) at 3.3 km. This aerosol layer was found to reach up to 5.6 Km
during pre-monsoon season of 2012. In our study, we observed a well-mixed layer in the time—
altitude cross-section of NRB and DR, (Fig. 6), subsequent to dust storm (09 April onwards). This
mixed layer start to descend to ground level and we observe DR less than 0.1 above 1 Km by 13

April 2015, suggesting the waning of dust storm.

We selected daily average profile from each classified days (i.e. PrD, DD and PoD) and
investigated depolarizing ratio, extinction coefficient and backscattering coefficient for each day
(Fig. S3). 03 April profile has very low DR (< 0.06) and backscatter values (< 0.05). Dusty day
profile on 07 April, show two peaks of high DR (0.17 and 0.22) at a height of ~3 Km and just below
1 Km respectively with corresponding high backscattering coefficient (>0.24 km™") as well as high
extinction coefficient(> 0.1 Km™).These observations clearly demonstrate the presence of two-layer
of dust at near-surface and at high altitude during the dust event. A similar observation of high
backscattering coefficient was reported by Srivastava et al. (2011) at Manora Peak, Nainital, in
Central Himalayas, where they attributed such anomalous increase to dust layer derived from the
Thar Desert. Veerabhuthiran and Satyanarayna(2003)have observed high extinction coefficient (0.07
Km™) during the dust period relative to non-dusty days (0.003-0.01 Km™) at Trivandrum, using lidar
measurement. Based on this observation, they have highlighted the presence of a dust layer derived

from the southwest Asian region at high altitude centered at 4.5 Km.

In order to identify the sources of these particles, we have also examined the air mass back-
trajectories at different altitudes in the lower troposphere ending at receptor region using the NOAA

ARL HYSPLIT model (https://www.ready.noaa.gov/HYSPLIT traj.php). Seven days back
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trajectories were calculated from 03 to13 April at 500, 1000, 2000 and 5000m altitude are shown in
Fig. 7. The height levels were selected based on the concentration of dust layer observed at the
source and receptor region. The back trajectory plot clearly shows that majority of trajectories are
passing over Arabian Peninsula and/or nearby coastal region of Arabia as well as over Arabian Sea,
during the study period. Lower level trajectories (500-2000m)were observed to pass over the storm
region (Rub al Khali, Ad dhahna), Yemen, Gulf of Oman and Persian gulf.We also observed several
air parcels coming from the marine region in the Arabian Sea, at an altitude of 1- 2 Km. These
trajectories may possibly bring sea-salt along with dust which were dispersed from the storm
emission. A study byPenallOrtiz et al (2013) on global climatological features of sub-tropical jet
streams have shown the presence of high speed jet core in the 20-30 °N region. These jet cores have
potential to create convection which can uplift ground level dust to higher altitudes which further
support for long-range transport of dust. The mechanism of dust upliftment and their propagation due
to jet streams resulting in to dust storms, over Saudi Arabia is demonstrated by Alharbi et al (2012).
In our study, this high altitude transport is captured in the vertical profile observed at the source and
receptor region (Fig. 4;Fig. 5). In addition, we also observed trajectories deriving from continental
locations, which can bring air parcels rich in anthropogenic component and can impact the optical
properties of dust. Overall, back trajectory analyses support the inferences made from the CALIPSO

passes as well as lidar observation over the receptor region.
4. Conclusions

Quantification of dust at the source and receptor region as well as over their transport
pathways are important to understand various processes which impact terrestrial and oceanic
ecosystem. We report here dust transport over a coastal location in the North East Arabian Sea,
resulting from a dust storm activated at Arabian Peninsula, via the Arabian Sea. A suit of proxies
(optical parameter derived from satellite retrieval) were used to identify dust storm source and its
dispersal towards the Arabian Sea. The dust storm was activated on the 02 April and majority of dust
were transported towards southern region, in the Arabian Sea. High aerosol optical depth along with
low angstrom exponent (at 550 nm) were observed at the receptor location, indicting the influence of
dust at Goa. These observations are corroborated by an increase in aerosol index as well as mass
loading (from particulate sampling) during the dusty period compared to non-dusty days. Following
the methodology of Yu et al. (2015), we have estimated concentration of dust in vertical profile at
the source, receptor and over the Arabian Sea. Typically quantification of dust emission and
deposition are done based on the ground level concentration measurements, which may

underestimate fluxes as vertical column dust load information is missing. In this context, this study is
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possibly first one over the Arabian Sea, which provide concentration estimate of dust up to 7 Km.
The impact of dust storm at the receptor location (in the western coast of India) was inferred based
on high depolarization ratio and extinction coefficient (obtained from LIDAR) compared to those
observed before and after dust event. This study clearly demonstrate the role of long-range transport
in impacting regional budget of aeolian dust at far remote locations. This type of studies are
necessary to reduce uncertainty associated estimation of dust on global scale which has implication

to oceanic biogeochemical processes.
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Fig. 1: True color image of MODIS Aqua satellite from 02 April - 10 April 2015 during the dust
storm event. Red arrows show dispersal and transport of dust downwind to Arabian Sea and Goa
(marked as yellow filled star). Images are generated from earth observing system data and

information system link (https://worldview.earthdata.nasa.gov).
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Fig. 2: Daily mean wind speed (shaded) > 5m/s and wind components (vector) at 850 hpa pressure
level plotted over a study region from 02 April to 10 April 2015. Solid bold lines represent the
CALIPSO profile path retrieved at various locations in the study region (see supplementary Fig. S1

and text for detail description)
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Fig. 3 Variation of daily average of total aerosol mass concentration (in pg m?> ) calculated from high
volume sampler (black filled circle), deep blue aerosol optical depth (AOD) (green filled circle),
Angstrom exponent (AE) (brown filled circle) and OMI- Aerosol Index (Al) (pink filled circle)
before, during and after the dust storm period. The dates in the range of dotted line represent dusty

days.
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Fig. 4: Daily CALIPSO profile data vertically averaged up to 7 km over different latitude during
dust storm period from 02 April- 10 April 2015. Blue represents the CALIPSO profile path over
Arabian Sea or center of the ocean (C), Black is profile available near to the source (S) region, and

red is profiles available near the receptor (Goa) region (G), during the study period.
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the receptor (Goa) region (G), during the study period.
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Fig. 7:Seven days back-trajectory of air parcel for 03-13 April, ending at our sampling site at
different altitude (5000, 2000, 1000 and 500 m) computed from the HYSPLIT model. Majority of

trajectories are passing over the Arabian Peninsula or nearby region of Arabian Peninsula.
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Fig. S2: Total backscatter coefficient (TBC) at 532 nm wavelength from CALIPSO satellite from 02-
10 April 2015. S represent profiles available near to the source region, C is profile available over

Arabian Sea or center of the ocean and G is profile available near the Goa region.
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Fig. S3: Daily averaged vertical profiles of LIDAR (a) depolarization ratio, (b) backscatter
coefficient and (c) extinction coefficient during the dust storm (07 April) , prior (03 April) and after
(10 April) dust storm.
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