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Abstract:

The present study is focused to examine the impacts of two intense dust storms on aerosol
characteristics and their radiative impacts occurred in pre-monsoon season of 2018 (i.e. 17 May and
14 June 2018) over Kanpur (26.51° N, 80.23° E, 123 above msl). Moderate Resolution Imaging
Spectroradiometer (MODIS) true colour images, trajectory pathways of dust storm along with
satellite observation and AErosol RObotic NETwork (AERONET) measurements confirms that both
the dust storms are either originated from or transported over the Thar Desert, causing a higher
aerosol loading which spread over entire Indian-Gangetic Basin (IGB) and modifying the aerosol
optical (i.e. aerosol optical depth, angstrom exponent, refractive index etc.), physical (i.e. size
distribution) and radiative properties (i.e. single scattering albedo, asymmetric parameter). The
space-borne Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) -
retrieved aerosol measurements reveal the presence of elevated dust/polluted dust aerosol (up to 3 —
5 km) over IGB which is well corroborated with aerosol characteristics observed by MODIS, Ozone
Monitoring Instrument (OMI) and Atmospheric Infrared Sounder (AIRS). The Dust Regional
Atmospheric Model (DREAMS8b) shows a good agreement with satellite retrievals with higher value
of surface dust concentration in the range of 320 — 640 pg/m?® over Kanpur during the dust storm
days. An enhancement in monthly mean outgoing longwave radiation (up to 60 Wm2) is observed

over IGB and downwind flow region during the dust storm days. The atmospheric aerosol radiative



forcing is found 124 Wm2and 84 Wm2during both the dust storm days (17 May and 14 June 2018)
associated with heating rate 2.69 K day™*and 1.84 K day respectively which may be significant to

affect the regional atmospheric dynamics and hence the climate system also.
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1. Introduction:

Dust is one of the most important constitutes of aerosol loading and contributes nearly 75%
global aerosol mass load and 30% of global aerosol optical thickness (Wang et al., 2015; Kinne et
al., 2006). The global climate models also suggest the higher value of total global dust emission
(~ 500 — 6000 Tg/year), which are mainly associated with a large uncertainty due to different
source region, transportation and complex atmospheric conditions (Huneeus et al., 2011;
Prospero et al., 2010). They are removed from the atmosphere through dry deposition (coarser
particles: > 2um diameter, near the source region) and wet deposition (fine particles, due to the long
— range transport over the oceanic region). Dust aerosols have ability to perturb the Earth’s
radiation budget through their direct (scattering as well as absorbing of solar and terrestrial
thermal radiation), indirect (modification of cloud optical properties and lifetimes) and semi —
direct effects (changing the evaporation rate of cloud droplets) (Kedia et al., 2018; Seinfeld et al.,
2016; Altaratz et al., 2014; Piedeherro et al., 2014; Obregon et al., 2015). Recently it has been found
that dust aerosols can also influence the atmospheric dynamics, hydrologic cycle, monsoon system

(Kedia et al., 2018; Sharma et al., 2017; Kaskaoutis et al., 2014; Vinoj et al., 2014; Kim et al., 2011;
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Mahowald, 2011). Many studies have reported that the dust aerosols cause not only delay in the
onset but also weakens the East Asian Summer Monsoon (EASM) (Guo and Yin, 2015; Sun et al.,
2012; Ramanathan et al., 2005) while some other also reported that dust aerosol can strengthen the
Indian Summer Monsoon (ISM) system by heating the troposphere (Solmon et al., 2015; Jin et al.,
2014; Vinoj et al., 2014). Apart from these, dust aerosols can also affect the air quality, atmospheric
chemistry, vegetation, public health and welfare, (Carugno et al., 2016; Raspanti et al., 2016; Singh
et al., 2016; Singh and Dey, 2012; Dey et al., 2004). The dust particles are well mixed with fine
mode anthropogenic aerosols (Tiwari et al., 2016a: Srivastava and Ramachandran, 2013) resulting a
thick aerosol layer, also known as atmospheric brown carbon which have a serious implication on the
Earth’s biosphere, cryosphere and eco-system (Gautam et al., 2013; Ramanathan et al., 2005).
During the last decade, several studies have been carried out throughout worldwide to understand
anomalous behaviour of dust aerosols and their radiative impacts (Kedia et al., 2018; Singh et al.,
2016), however a large uncertainties are still remaining (Kedia et al., 2018; Kaskaoutis et al., 2016;
Singh et al., 2016; Kumar et al., 2015; Tiwari et al., 2015; IPCC 2013; Kim et al., 2011) mainly
because of the complexity in dust size distribution, morphology and chemical composition (IPCC
2013; Kim et al., 2011; Lafon et al., 2006). Thus, the assessment of the characteristics of dust aerosol
is the challenging issues due to different complex non- liner interaction between dust, meteorological
condition, solar radiation and clouds (IPCC 2013).

Dust storms often occur over arid and desert regions when the strong wind blows loose sand
from a dry surface and injected abundance of dust aerosols in to the atmosphere (Crosbie et al., 2014;
Ginoux et al., 2012). Depending on the wind intensity, it transported thousands of kilometers
horizontally passing through one continent to another continent and vertically up to 6 — 8 km (Tan et
al., 2017; Kaskaoutis et al., 2014; Nastos, 2012). Indo - Gangetic Basin (IGB) is one of the largest
river basins in the world, experience dust storm frequently during pre-monsoon season (April - June)

which carry a large amount of dust aerosol resulting enhancement in aerosol optical depth which is



more than two fold and reduce the solar radiation nearly 50 — 100 Wm at the surface (Singh et al.,
2016; Kumar et al., 2015; Singh, and Beegum, 2013; Pandithurai et al., 2008). During pre-monsoon
season, the dry weather condition and prevailing westerly/southwesterly winds in lower atmosphere
supports the maximum dust transportation over IGB from the Middle East, Thar Desert and
Southwest Asia (Kedia et al., 2018; Singh et al., 2016; Tiwari et al., 2015, 2013; Kaskaoultis et al.,
2014). The synoptic meterological condition during the pre-monsoon season of 2018 over Indian
subcontinent is shown in Figure 1 using National Centre for Environmental Prediction (NCEP) —
National Centre for Atmospheric Research (NCAR) reanalysis average data of weather parameters
such as wind, air temperature, and relative humidity (RH) at 850 hPa pressure level. Winds are
shown with arrows pointing towards the wind direction, where the length of arrows defines the
magnitude of wind speed (in meters per second), shaded color contour represents RH (%), showing
red color for high and violet/blue color for low RH, and line contour represents air temperature (in
K). Results reveal that the study regions are generally characterized by westerly to north-westerly
winds passing through the arid region, carry higher ammount of miniral dust over IGB. A positive
gradient in RH is also observed from western to eastern IGB indicating relatively dry air mass over
western IGB. The average air temprature does not show a significant variation and lie in between
296 — 300 K over the region duriing pre-monsoon season. Similar results are also observed by Tiwari
et al. (2013) and Srivastava et al. (2011) over IGB during the pre-monsson season.

Satellite remote sensing is well accepted and widely used for the detection, mapping of dust
storms and their transportation and ample studies have been carried out to investigate the dust storms
characteristics using this technique worldwide (Namdari, et al., 2018; Mandija et al., 2017; Tang et
al., 2015; El-Askary 2015; 2006; Kaskaoutis et al. 2007; Dey et al. 2004). However, the limitations
of satellite remote sensing (like spatial distribution, cloud contamination and data retrievals
algorithm etc.), reflectance properties of dust and density of dust plumes, causes large uncertainty in

providing accurate information about dust storms. Therefore, combined used of satellite remote



sensing along with ground based measurements of dust aerosol properties in aggregation with
meteorological (e.g. wind speed, wind direction, visibility and geopotential height etc.) and modeled
data is widely used over IGB by earlier researchers (Singh et al., 2016; Kumar et al., 2015;
Srivastava et al., 2014; Pandithurai et al., 2008; Sharma et al., 2012; Badarinath et al. 2010; Gautam
et al., 2009; Dey et al., 2004). The study of dust aerosol characteristics is highly needed over 1GB
since dust are mixed with anthropogenic aerosol and affect the radiative forcing of the atmosphere
(Singh et al., 2016; Tiwari et al. 2015; 2016a; Srivastava et al. 2012a). With this facet, Prasad and
Singh (2007) performed a long term (2001 - 2005) dust storm characteristics over 1GB using ground
and satellite data while others were only focused only on selected dust storms and estimated the
aerosol radiative forcing during these events over Patiala (Singh et al., 2016; Sharma et al., 2012),
Delhi (Singh and Beegum 2013; Pandithurai et al., 2008), Kanpur (Kumar et al., 2015; Srivastava et
al., 2014; Gautam et al., 2009), over the Gangetic-Himalayan region by Srivastava et al. (2011) and
over the Western Ghats (Aher et al., 2014). Elevated dust loadings (up to 4 km) over the IGB are
reported during the pre-monsoon seasons (Prospero et al., 2002) which also extend over downwind
region up to Bay of Bengal (Tiwari et al., 2016a). An enhancement in columnar water vapour during
dust events is also reported (Singh et al., 2016; Kumar et al., 2015; Prasad and Singh, 2007) which
may also increase radiative heating subject to net atmospheric warming (Kim, 2004).

In the present study, we have considered two major dust storm events (16 — 18 May and 13—
14 June 2018) that occurred recently during pre-monsoon season 2018, over the IGB, to investigate
their influence on aerosol optical properties, vertical profiles, aerosol radiative forcing (ARF).
NCEP/NCAR reanalysis data is used for the study of the synoptical meteorological condition while
the NOAA HYSPLIT model is used to track the transported pathways of dust storms. The aerosol
properties and atmospheric radiative forcing are analysed over Kanpur (26.51° N, 80.23° E, 123

above msl), located in central 1GB, using ground-based AErosol RObotic NETwork (AERONET)



data while satellite remote sensing is used for study of modification in aerosol loading during the

transportation of dust storm and their vertical distribution.

2. Instrumentation and Data Analysis

2.1. AErosol RObotic NETwork (AERONET)

In the present study, the aerosol characteristics during the dust events are observed using
ground-based observation by CIMEL sun/sky radiometer measurements data which is installed at
Kanpur under AERONET program of NASA, USA. The direct sun measurements are made at eight
different wavelengths within the range from 0.34 — 1.02 um (0.34, 0.38, 0.44, 0.50, 0.67, 0.87, 0.94,
and 1.02 um) which provide the aerosol optical depth (AOD) and columnar water vapour (only at
0.94 um) with triplet observation per wavelength. In addition, it also measures diffuse sky radiance
at four spectral bands centered at 0.44, 0.67, 0.870, and 1.02 um which is used to retrieve aerosol
columnar volume size distribution (AVSD), phase function, asymmetry parameters (AP), refractive
indices of aerosols and single scattering albedo (SSA) by following inversion method (Dubovik and
King, 2000; Holben et al., 1998). Further details of the retrieval accuracy from the sun and sky
radiance measurements are also discussed elsewhere (Dubovik et al., 2000). The processed data are
available online in three different versions (1, 2 and 3) with three different categories viz. (a) cloud
contaminated (level 1.0), (b) cloud screened (level 1.5) and (c) quality assured (level 2.0). In the
present study, version 2, level 1.5 data is used, which is only available dataset for all the parameters.
This level data is also used previously by others (Tiwari et al., 2013; Srivastava et al., 2011; Prasad
et al., 2007) and the deviation of Level 1.5 AOD value from level 2.0 is found within the range of O -

5% over IGB (Tiwari et al., 2013).

The uncertainty in AOD calculation under cloud free condition is less that £0.01 for higher
wavelengths (A > 0.44 um) and less than = 0.02 for shorter wavelengths; while columnar water vapor

has uncertainties up to 10% (Dubovik et. al., 2000; Eck et. al., 1999). Relatively higher uncertainties



(10 - 15%) are observed for AODa4o > 0.4 for sky radiance measurements (Dubovik and King, 2000;
Dubovik et al., 2000, 2002). The errors are not significant for the particles of radius (R) in the range
0.1-7 um. The tendency for increasing errors in retrieval of optical properties with the decrease in
optical depth is higher in the case of refractive index (RI) and single scattering albedo (SSA) than in
the case of volume size distribution (Dubovik et al., 2000). However, these errors do not
significantly affect the important characteristic features of the size distribution (Dubovik et al.,

2000).

2.2. Moderate Resolution Imaging Spectroradiometer (MODIS)

In addition to the ground observed AERONET data, MODIS level 3 collection C006.1 AOD
(at 550 nm) data on board of Terra satellite is used over the IGB during the dust events. It measures
the radiance at 36 spectral bands in the visible to thermal IR spectral range of 0.41-14 um (Kaufman
et al., 1997) and has a wide swath of 2330 km which makes it possible to observe global data in a
single day. It passes over the Indian region at ~10:30 am (Terra) and ~01:30 pm (Aqua) local solar
time. The aerosol properties are retrived between the spectral bands 0.4 to 2.1 um using different
algorithm over land (three wavelengths band) and oceanic regions (seven wavelength bands) (Kumar
et al., 2009; Prasad and Singh, 2009; Remer et al., 2005). The uncertainity in AOD measurement
over ocanic regions is relatively higher i.e. £ (0.03 £ 0.05 7) than over the land i.e. = (0.05 + 0.15 1)
(Tiwari et al., 2016a; Prijith et al., 2013; Levy et al., 2010; Remer et al., 2005). Several researchers
widely used MODIS dataset and images to identify the dust storms and their transportation (Singh et
al., 2016; Kumar et al, 2015; Sharma et al., 2012; Badarinath et al., 2010; Hsu et al., 2006). Images
of dust storms are downloaded from the site (https://lance-modis.eosdis.nasa.gov/cgi-
bin/imagery/realtime.cgi). Details about instrumentations, algorithms and error estimations are

described by Kaufman and Tanre (1998), and updates are discussed by Remer et al. (2005).



2.3. Ozone Monitoring Instrument (OMI)

Along with MODIS — AOD data, UV Aerosol Index (Al) values obtained from the Ozone
Monitoring Instrument (OMI) on board the Finnish—Dutch Aura satellite are used. It was designed to
replace the Total Ozone Mapping Spectrometer (TOMS) to continue recording total ozone and other
atmospheric parameters related to atmospheric chemistry and climate. The OMI is a nadir viewing,
having wide swath with twenty hyperspectral imaging spectrometer that provides daily global
coverage with high spectral resolutions and spatial resolution of 13 km x 24 km at nadir and also
capable to detect the aerosol above the cloud (Levelt et al., 2006). It takes advantage of the
greater sensitivity of radiances measured at the troposphere in the near UV region to the varying load
and type of aerosols to derive Extinction Aerosol Optical Depth (EAOD), Single Scattering Albedo
(SSA) and Absorbing Aerosol Optical Depth (AAOD) using an inversion procedure at 354, 388 and
500 nm generated by the near UV (OMAERUYV) algorithm (Torres et al., 2007). It assumes that the
column aerosol load can be represented by one of three types of aerosols and uses a set of aerosol
models to account for the presence of these aerosols: carbonaceous aerosols from biomass burning,
desert dust, and light absorbing sulfate based aerosols. For carbonaceous and desert dust particles,
the aerosol loading is assumed to be vertically distributed following a Gaussian function
characterized by peak (aerosol layer height) and half-width (aerosol layer geometric thickness)
values (Torres et al., 2013). The Al is defined as the difference between measured (including aerosol
effects) spectral contrast at 331 and 360 nm wavelength radiances and the contrast calculated from
the radiative transfer theory for a pure molecular (Rayleigh particles) atmosphere (Curier et al.,
2008) and highly sensitive to miniral dust, carbonaceous aerosol and aerosol layer height also (Singh
et al., 2016; Tiwari et al., 2016a; Eck et al., 2001; Hsu et al., 1999). In the present study, level 3
global — gridded products (with 0.25° x 0.25 ° spatial resolutions) OMI UV — Al value is used during
dust events to evaluate the dust — source region and the transportation. The positive value of Al

indicates the presence of UV absorbing aerosols, like dust, smoke whereas the negative value



indicates the presence of non-absorbing aerosols like sulphate (Singh et al., 2016; Kaskaoultis et al.,

2010).

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

The vertical profile of dust aerosols is very important because of their crucial role in
calulation of atmospheric radiative forcing and heating rate (Lemaitre et al., 2010). In this aspect, the
space lidar, Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) provides
a new perceptions into the monitoring of atmospheric dust, their transport, and vertical extent and
widely used worldwide (Proestakis et al., 2018; Filonchyk et al., 2018; Tiwari et al., 2016a; Kumar
et al., 2015; Liu et al., 2012; Mishra and Shibata, 2012; Kaskaoutis et al., 2012). CALIPSO's orbit
has a 16 — day repeat cycle, which produces sub-satellite tracks spaced longitudinally by 172 km at
the equator. However, as CALIPSO observations are limited to the sub-satellite track, its spatial
coverage is very poor compared to MODIS. CALIOP can observe aerosol over bright surfaces and
beneath thin clouds as well as under clear sky conditions while it can not provide observations at
altitude regions that are below optically thick clouds. In this study, CALIOP level 2 Ver. 3.01 data
product (Young and Vaughan, 2008) is used during dust event to understand the vertical distribution
of dust aerosol. More details about the CALIPSO algorithm and it’s description are described by

Winker et al. (2006) and Labonne et al. (2007).

2.5. Atmospheric Infrared Sounder (AIRS)

AIRS is one of the six instruments aboard on Aqua satellites, which is a part of NASA’s sun-
synchronous “A Train” satellite which designed to make long — term global observations of the land
surface, biosphere, solid Earth, atmosphere, and oceans from space. It has a large spectral channel
(2378) spectrometers covering infrared wavelength (3.7 — 15.4 um) and provides the accurate
information about the vertical profile of atmospheric temperature, moisture. It also measures

longwave radiation along with greenhouse gases such as ozone, carbon monoxide, carbon dioxide,



and methane. The outgoing longwave radiation (OLR) is highly dependent on vertical distribution of
the trace gases (Susskind et al., 2012). In the present study, AIRS version 6.0, the daily mean value

of OLR (daytime) with a resolution of 1° x 1° on latitude - longitude grid is used.

2.6. Meteorological Data and Hysplit Backtrajectories model

The synoptic meteorological conditions such as temperature, winds, relative humidity,
geopotential height etc., play a vital role in dust storm occurance, intensity and their intercontinental
transportation due to air — mass types, advection and other complex process (Singh et al., 2016;
Sreekanth and Kulkarni, 2013; Satheesh et al., 2006). Thus to examine the role of synoptic
meteorological conditions on aerosol transport and their distribution during the dust events, National
Center for Environmental Prediction (NCEP)/National Centre of Atmospheric Research (NCAR)
reanalysis data of wind vector, relative humidity and air temprature at 850 hPa is used. Five days air
mass back trajectories is also computed at three different altitudes at 1000, 1500, 2000 m above
mean sea level at receptor site based on National Oceanic and Atmospheric Administration (NOAA)
Hybrid Single Particle Lagrangian Integrated Trajectories (HYSPLIT) model (website
http://ready.arl.noaa.gov/HYSPLIT.php) using NCEP reanalysis wind data as input (Draxler and
Rolph, 2003). It provides a three-dimensional (latitude, longitude, and altitude) information abouth

the air mass pathways as a function of time.

2.7. BSC - DREAM model simulations

Although a significant progress has been achieved in undestading of physical and optical
properties as well as the importance of mineral dust in global-scale processes (Seinfeld et al., 2016;
Mahowald, 2011; Prospero et al., 2010; Lau et al., 2006; Ramanathan et al., 2005) yet the
identification of atmospheric porcesses and meterological factors that affecting the dust generation
near the source region, their carriage and deposition is still highly uncertain. DREAM (Dust
Regional Atmospheric Modeling) is a regional 3D model designed to simulate all major processes of

10



the atmospheric cycle of mineral dust aerosol by solving the Euler-type partial differential non-linear
equations for dust mass continuity (Nickovic et al., 2001) and the simulations using the model are
provided by the Barcelona Supercomputing Center (BSC), hence called BSC-DREAM model.
The near-surface wind, thermal conditions, and soil features along with surface elevation, soil
properties, turbulent mixing and vegetation cover are used for the simulation of the dust production.
The model configures four dust particle size classes (clay, small silt, large silt, and sand) with
particle size radii of 0.73, 6.1, 18 and 38 um, respectively. For the analysis of long-range transport,
only the first two dust classes are relevant since their atmospheric life time is greater than about
twelve hours (Perez et al., 2006) and these particles can be transported over long distances whereas
the latter two are deposited near the dust source region. The model has the capability to predict
and forcast almost every major dust storms (Pérez et al., 2006; Amiridis et al., 2009) and
validated with earlier studies under different programs worldwide like the EARLINET
(European Lidar Network), the AERONET sunphotometer network as well satellite

observations also (Haustein et al., 2009; Todd et al., 2008; Perez et al., 2006).

3. Results and Discussion:

3.1. Satellite observation and dust storm characteristics:

Two intensive dust events were observed during May (17 — 18) and June (13 — 14), 2018 over
entire IGB which reduced the atmospheric visibility, air quality and atmospheric ventilation
coefficient over the entire region, causes adverse impacts on human health. One of the major reasons
of such severe dust storm can be ascribed to the convergence of two different fronts, strong
convection which carried enormous dust aerosol from the Middle East and the Thar Desert
(Kaskaoutis et al., 2018; Singh et. al., 2016; Kumar et al., 2014; Singh and Beegum, 2013). Figure 2

shows MODIS aqua true colour image during the dust events, which clearly show an intense dust
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plumes (pale colour) over the Thar Desert and moving towards IGB on 17 June 2018, however
relatively more intense dust plume can be seen over IGB which initially moving to the northeast
direction and then towards southeast with a slightly negative gradient in its thickness. The
propagation of dust plumes towards the northeast deposit the plenty of dust over the
Himalayan foothills region which strongly affects the radiative balance over the region (Bucci,
et al., 2014; Gautam et al., 2013, 2009). The transportation of dust plumes and its intensity, uplift is
highly influenced by local and regional meteorology (Singh et al., 2016; Kumar et al., 2015, 2014,
Gharai et al., 2013; Badarinath et al., 2010). The long-range transportation of the dust plumes from
the Middle East and the Thar Desert region is also supported by the five days air mass back
trajectories at three different altitudes (viz. 1000, 1500 and 2000 m above ground level). On 17 May
2018, the air masses are mainly coming from the Arabian Peninsula (AP) at the lower altitude (1000
m) while at higher altitude (1500 and 2000), mainly from the Middle East region passing through the
AP (Figure 3a). On the other hand, during other dust storm day (14 June 2018) air masses at Kanpur
are mainly coming from the Middle East region, passing through the AP and Thar Desert resulting in
to higher concentration aerosol over entire IGB. Earlier studies also reported the long-range
transportation and enhancement in aerosol loading over IGB during dust events (Bran et al., 2018;
Kedia et al., 2018; Yadav et al., 2017; Singh et al., 2016; Kumar et al., 2015, 2014; Singh and
Beegum, 2013; Badarinath et al., 2010; Pandithurai et al., 2008; Dey et al., 2004). The enhancement
in aerosol loading over IGB is also clearly depicted from the spatial distribution of aerosol optical
depth (AOD) during the dust events (Figure 3a and 3b), obtained from MODIS on board of Terra
satellite. The colour scale represents AOD value while white patches show the absence of data.
Highest AOD is obtained over IGB during both the dust events with relatively higher concentration
during the second event (14 June 2018). A small negative gradient in AOD is also observed from
western to eastern 1GB suggesting the decreasing pattern of dust deposition concentration from

western to eastern IGB and also further confirmed the decrease in thickness of dust plumes as it
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moving towards the southeast direction, which is already discussed earlier. A negative gradient in
aerosol loading from western to eastern IGB is also reported by earlier researchers during different
dust events and pre-monsoon season (Kedia at al., 2018; Bran et al., 2017; Singh et al., 2016;
Srivastava et. al., 2014; Kumar et al., 2015, 2014; Tiwari et al., 2013). To understand the impact of
these dust events on AOD loading, we calculated the enhancement factor (EF) for each grid points,
which is the ratio of AOD difference between AOD on dusty days and monthly/seasonal mean AOD
to monthly/seasonal mean AOD (i.e. EF = (AODugusty days — monthly / seasonal mean AOD)/
monthly/seasonal mean AOD). The spatial distribution of EF suggests the enhancement in aerosol
loading over the region in a factor of more than two (Figure 4) which not only affect the monthly
mean aerosol loading but also on a seasonal basis, causes a significant uncertainty in atmospheric
radiative forcing and global climate model. Figure 4, suggest that relatively lower EF on monthly (4a)
and seasonal basis (4c) during the first dust events which enhance the AOD loading not only over
the IGB but also over the northern Arabian sea (AS), central, south central India and downwind
flow region (northern Bay of Bengal: BOB) suggesting the occurrence long range transport of dust
mainly because of suitable meteorological conditions. Recently Tiwari et al. (2016a) also observed
elevated dust aerosol and increase in aerosol loading during pre-monsoon season over AS and BOB
which are coming from the Middle East region through long range transportation. Apart from this, a
large EF (up to two) is observed due to second dust storm (14 June, 2018) which is more prominence
on a seasonal basis (4d) rather than on monthly (4b) suggesting relatively higher AOD during June
month mainly because of frequent occurrence of dust storm over the Thar Desert and AS (Kumar et
al., 2015; Kaskaoutis et al., 2014). Earlier studies also reported higher AOD value during the month
of June, mainly coming from the arid regions through AS (Tiwari et al., 2016a; Kumar et al., 2015;
Kaskaoutis et al., 2014; Prijith et al., 2013). The highest value of EF during pre-monsoon season
over the Thar Desert region suggest the major contribution of dust aerosol loading is from this region

during the second dust storm. Earlier researchers also found the Thar Desert region as the major
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contributor of dust aerosol during the dust storms (Singh et al., 2016; Kumar et al., 2015; Srivastava

et al., 2014).

In conjugation with AOD, Aerosol Index (Al) provides valuable information about the
absorbing aerosol (e.g. dust aerosol or smoke). Figure 5 shows the spatial distribution of Al during
dust events i.e. (a) 16 May, 2018 (due to unavailability of data) and (b) 14 June, 2018. Figures (both
5(a) and 5(b)) clearly suggest the presence of dust over IGB, northern AS and western part of India
and outlines the transport of dust plumes. In both the figures, higher values of Al are qualitatively
agreed with MODIS AOD and dust transportation. The Al value ranging from 1.5 — 4 over I1GB
represent the dust spreading over entire the IGB during dust events which are further confirmed by
the higher Al value (>1.7) in the conjugation of higher AOD value (>1.0) during events. Recently
Singh et al. (2016) also reported higher Al value (2.0 — 2.5) associated with higher AOD (>0.9)
during an unusual dust storm event occurred in March 2012 over IGB, however, Sharma et al. (2012)
found relatively higher range of Al value (2.0 — 6.7) during an intense dust storm occurred in April
2010. On 14 June 2018, Al values are nearly double (>3.0) over IGB than 17 May 2018 which
confirm the more intense dust event. The Al image (Figure 5b) in combination with trajectories and
AOD image (Figure 3b), clearly indicate that the dust originated from the Thar Desert have the
maximum contribution of dust loading over IGB on 14 June, 2018. Higher value of Al (>3.0) on 14
June 2018, also indicates the existence of elevated dust aerosol which may be due to the strong
convection, meteorological condition and the long-range transportation. Earlier studies also reported
the higher Al values (>2. 5) for elevated dust aerosols (Tiwari et al., 2016a; Singh et al., 2016; Aher
et al., 2014; Prijith et al., 2013; Badarinath et al., 2010; Kaskaoutis et al., 2008; Dey et al., 2004). We
also calculated the enhancement factor (EF) for Al, at every grid point during the dust storm, to
investigate the impact of events on dust loading and their transportation over the Indian subcontinent.
The spatial distribution of EF for Al is shown in Figure (6) at monthly (a, c) as well as seasonal basis

(b, d) for both the dust events respectively. Figure clearly reflects that on 17 May, 2018, highest EF
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value (in the range of 1- 2) is associated with a large spatial distribution and spread over the Thar
Desert, northern AS, and northern BOB which is more eminence on seasonal basis (Figure 6a and 6c)
suggesting enhancement in dust loading. Recently, Tiwari et al. (2016a) also found an increase in
dust aerosol loading over AS and BOB during pre-monsoon season however, Prijith et al. (2013)
reported enhancement in dust loading in month of June over AS. On the other hand, maximum EF is
found over IGB with an increasing pattern from western to eastern IGB during both, on June month
as well as pre-monsoon season (Figure 6a and 6¢) suggesting the occurrence of an intensive dust
storm which uplift the dust particles at higher altitude and spread over entire IGB. Kumar et al. (2015)
also found elevated dust aerosol (up to 1 — 4 km) over IGB during different dust events in pre-
monsoon season of the year 2010. A similar result is also reported by Liu et al. (2011) over the
Yangtze delta region, China, during intense dust storms in March and April 2009. A pocket of higher
EF over coastal region of Arabian Peninsula on seasonal basis suggests the dust deposition over the

region during the transportation of dust plumes.

In the presence of cloud, aerosol detection over desert by using MODIS and OMI region become
highly uncertain due to surface reflectivity (Levy et al., 2007; Torres et al., 2007). In this aspect,
space borne lidar is widely used to detect and confirm the position, the vertical extent of dust along
with the overpass trajectory. Therefore, to corroborate above two satellite measurements, we used
CALIOP lidar measurements, viz. vertical profiles of the total attenuated backscatter at 532 nm, and
aerosol subtypes during the dust events i.e. (a) 18 May 2018, and (b) 14 June, 2018 which is shown
in Figure 7(a) and Figure 7 (b) respectively. The CALIOP observations (data level 3.04), in terms of
the total attenuated backscatter at 532 nm confirm the presence of a high aerosol dust load over IGB
and reach up to 5 km during the dust storm days with higher backscatter coefficient (> 0.004) which
is significant to warm mid troposphere and affect the regional climate also (Gautam et al., 2010). The
aerosol subtype images also clearly confirm the dominance of dust (category 2, in yellow) and

polluted dust i.e. mixing of dust with anthropogenic aerosols over (category 5, in pale colour) over
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IGB region which is more prominent on 14 June 2018. Similar results are also reported by Kumar et
al. (2010) over Kanpur during dust event in pre-monsoon season of the year 2010 and by Alam et al.

(2014) over Karachi/Lahore during an intense dust storm occurred in March 2012.

3.2. AERONET measurements of dust storm characteristics
The physical and optical properties of aerosol particles during the dust storm events are analysed
using CIMEL sun/sky radiometer measurements at Kanpur AERONET station. The impact of these

two dust events on aerosol characteristics at Kanpur is discussed in upcoming sections.

3.2.1. Aerosol Physical and Optical Characteristics

Aerosol optical depth and Angstrom exponent

Aerosol optical depth (AOD) and Angstrom exponent (AE) are two main parameters to
understand aerosol characteristics and can be easily calculated by the equation given by Angstrom
(1964),

a(A) = B. A (1)
where, 1a (M) is the wavelength micrometre, 12 is AOD for the wavelength A, o is angstrom exponent
(AE) and B is the turbidity coefficient which is equal to columnar AOD at A =1 um. The AE is a
relatively good indicator of the aerosol particle size and fraction of accumulation mode (r <1 um) - to
coarse-mode (r >1 um) particles quantitatively (Tiwari et al., 2018, 2016b). The day-to-day variation
of AOD (at 500 nm) and AE (derived from the wavelength pair of 440 and 870 nm) along with
columnar water vapour (secondary axis) is shown in Figure 8(a) and 8(b) for both dust events
occurred in May and June 2018 respectively. The monthly mean value of AOD/AE is found 0.89 +
0.19/0.71 £ 0.21 and 1.05 £ 0.43/0.60 % 0.35 while water vapour is 2.82 = 0.64, 4.21 + 0.62 in the
month of May and June respectively. During the dust event in May (on 17 May, 2018), the AOD
value is reached up to 1.1 (Table 1) which enhance nearly 25% of the monthly mean AOD while the
AE value decreases nearly half and reached to 0.36, which indicated towards the enhancement in
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coarse more aerosol particles. Apart from this, on second dust events (14, June 2018), the AOD value
enhanced nearly 2.4 times than monthly mean AOD and reached at 2.38 along with nearly zero AE
value (Table 1), clearly suggesting the abundance of dust particles injection in to the atmosphere due
to the intense dust storm. A drastic decrease in AE value is also reported by (Singh et al., 2005)
during dust storm occurred over Delhi in April 2003. A sudden decrease in AE value is mainly
because of extinction of incoming solar radiation at the visible and infrared wavelengths by dust
particles, resulting in small and even negative values (Hamonou et al., 1999). Dey et al. (2004) also
reported an increase in AOD more than 50% and a decrease in AE between 70 — 90% during the dust
storm in May 2001 — 2002 over Kanpur. Relatively lower spectral dependency in AOD is observed
on 17 May 2018 than other days in May (Figure S1(a)) suggesting the dominance of coarser particles
however almost flatter AOD spectra on 13 and 14 June, 2018 (Figure S1 (b)) further confirmed the
being of enormous amount of dust aerosols in to the atmosphere. Relatively less spectral dependency
in AOD is also reported for polluted dust aerosol over entire IGB which is mainly because of the
dominance of relative amount of coarse particles (Tiwari et al., 2015; Srivastavea et al., 2014).
Figure 8 (a, and b) also shows a decrease in columnar water vapour on dust storm days which
enhanced after the dust storm that may be due to the transportation of moisture from the AS. Earlier
studies also found an enhancement in columnar water vapour after the dust storm events (Singh et al.,
2016; Kumar et al., 2015; Prasad and Singh, 2007). During the dust storm it is found that as AOD

increases, water vapour also increases by power correlation law, up to 72% (Prasad and Singh, 2007).

Aerosol Volume Size Distribution (AVSD)

The plenty of the coarse mode particles in the dust storm is the primary symptoms which easily
differentiate the optical properties of dust aerosol with anthropogenic and bio-mass burning aerosol.
Dust aerosols have more absorbing nature of solar and infrared wavelength as compared to the

anthropogenic aerosols like sulphate. The size distribution of different aerosol types highly depends
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on emission sources, composition, transportation patterns and scavenging mechanism (Tiwari et al.,
2015; Eck et al., 2001). Aerosol Volume size distribution (dV/dInr) for twenty-two bins between
0.05 and 15 pm, derived from sun/sky radiometer data using Dubovik and King (2000) approach, is
used during dust events at Kanpur and shown in Figure 9 (a) and (b) during May and June
respectively. Figure clearly reflect a bimodal size distribution with larger peak towards coarse mode
particles (fine mode has very small contribution) during both the events with different magnitude of
dV/dInr indicating towards the relatively small presence of fine mode particles during dusty days
which may be due to the large anthropogenic emission sources and mixing of aerosol particles.
Earlier studies also reported the similar size distribution for aerosol particles over Kanpur station
(Kumar et al., 2015; Kaskaoutis et al., 2014; Tiwari et al., 2013; 2015; Prasad et al., 2007; Dey et al.,
2004), over Delhi (Pandithurai et al., 2008) during the major dust storms and over Karachi also
(Tiwari et al., 2015, 2013; Alam et al., 2012) in pre-monsoon season. The coarse mode peak is more
pronounced at the radius (um) 2.24, during both the dust events. The daily average value of volume
concentration, effective radius for both fine mode and the coarse mode is given in Table 2. Monthly
average volume concentration in the coarse (V) and fine mode (Vs) are found to be 0.44 £+ 0.09 and
0.09 £ 0.02 and 0.54 = 0.25 and 0.07 + 0.02 in May and June 2018, respectively. During the dust
events, V¢ has been found to increase significantly without much change in the effective radius at the
coarse-mode (Rer,c). The effective radius of fine mode particles (Refif) is relatively larger in first
event (May) rather than in June which attributed to the long range transportation of fine absorbing
aerosols from the eastern part of the basin. On the other hand, the value of Vs and Resr.¢ on 14 June,
2018, is found to nearly similar to their monthly mean value for June month suggests the minimum

impact of this dust storms on the particle size distribution at the fine mode side.
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Refractive Index (RI)

Refractive Index is the most fundamental optical properties of atmospheric aerosol which
provide significant information about the nature of aerosol particles. It is highly dependent on
chemical composition and provides information about the scattering and absorbing nature of aerosol.
The higher values of a real part of the refractive index (RRI) indicate scattering type of aerosol while
higher values of an imaginary part of the refractive index (IRI) represent the absorbing nature of
aerosol particles (Sinyuk et al., 2003). The typical value of RRI for dust is found 1.53 £+ 0.05
(Sokolik and Toon, 1999; Koepke et al., 1997) in the visible spectrum while IRI is nearly 0.006 or
even less (Shettle and Fenn, 1979) reported by several models to calculate the radiative transfer. The
spectral variation of real and imaginary refractive indices is shown in Figure 10 (a and b) and Figure
10 (c & d) respectively for first (May) and second dust events (June). The RRI value is found
nearly >1.5 for both events which increase up to visible range (675 nm) and then it decreases in the
infrared region. Similar, higher range of RRI is also reported during dust storm over Kanpur (Kumar
et al., 2015; Prasad and Singh, 2007; Dey et. al., 2004), over Karachi (Iftikhar et al., 2018; Alam et
al., 2014), and over Beijing (Zhang et al., 2017). However, IRl show spectrally decreasing pattern
with value in the wide range from 0.003 - 0.017 in May and 0.0005 - 0.007 in June. The spectral
decrease in IRI at a higher wavelength (A > 440 nm) indicates the dominance of mineral dust
aerosols during the dust storms and a decrease in the fraction of anthropogenic (smoke) aerosols.
Relatively smaller value of IRI is observed in June than in May which is mainly because of the
increased concentration of scattering particles which is also confirmed by higher SSA value in June
than in May. A part from this, highest RI (for both RRI and IRI) is observed on 19 May with no
spectral dependency for RRI while relatively less spectral dependency for IRI suggesting the
enhancement of fine absorbing aerosol which is also supported by higher AOD value associated with
relatively higher AE value (Figure 8(a)) and volume size distribution (Figure 9(a)) where peak

shifted towards fine mode particles. Similar results are also reported over Kanpur during the non —
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dusty days (Prasad et al., 2006). The changing behaviour of the optical state of the aerosol particles
during the dust events is well supported by the SSA values. The higher AOD value along with nearly
zero AE value also confirm the huge amount of aerosol loading in a coarse mode which causes the
low absorption. A larger difference in RRI and a nearly similar value of IRI at the higher wavelength
is attributed due to the complex mineralogy during long range transportation source region of the

dust (Kubilay et al., 2003).

3.2.2. Aerosol Radiative Properties

Single Scattering Albedo (SSA)

Single Scattering Albedo (SSA) is one of the most important properties of aerosol and can
provide the information about the reduction in solar and terrestrial radiation in polluted
environments. It provides the details information about the scattering and absorbing characteristics
of different aerosol types and is a key parameter in atmospheric radiative forcing calculation. It can
easily be calculated by scattering optical thickness obtained from the normalized aerosol phase
function using diffuse radiance measured at different angles (Dubovik et al., 1998) and have value in
the range of zero (completely absorbing like soot/black carbon) to one (completely scattering like
sulphate) and highly depend on composition and size of aerosol particles (Bergstrom et al., 2007).
The spectral variation of SSA is shown in Figure 11 (a and b) during the dust events. SSA is found to
be strongly wavelength dependent with a higher value (SSA > 0.9) during both the events and have
spectrally increasing trend from visible to near-infrared bands which further confirm the dominance
of coarse mode aerosol particles as discussed earlier sections. The increasing trend of spectral
variation in SSA for dust aerosol is also reported by earlier studies over IGB (Iftikhar et al., 2018;
Tiwari et al., 2015, 2013; Kumar et al., 2015; Srivastava et al., 2014; Alam et al., 2011; Gautam et al.,
2011; Dey et al., 2004). A steep rise in SSA spectra from 440 nm to 675 nm clearly suggests more

scattering at a higher wavelength (A > 670 nm) because of increase in the number of coarse particles
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which is also confirmed from spectral variation of AOD (Figure S1), showing higher AOD value (>1)
at a higher wavelength. Recently Kumar et al. (2015) found a similar range of SSA (< 0.95) during
different dust events occurred in pre-monsoon season over Kanpur while Iftikhar et al. (2018) has
found relatively higher SSA value (>0.98) during an intense dust storm on 5" July 2014 over Karachi.
Yu et al. ( 2016) also found the SSA value in the range of 0.89 to 0.94 during dusty days over
Beijing. The figure also reveals that the magnitude of SSA value is relatively higher in the second
event (in June) than the first one (in May), representing the higher concentration of coarse mode
aerosol particle in June which is also reflected from the Table 2. The spectral difference in SSA (i.e.
ASSA = SSA1020 nm — SSAu40 nm) IS found 0.08 and 0.06 on 17 May, 2018 and 14 June 2018
respectively, which further confirmed the long-range transportation of desert aerosol over the region

as similar range (>0.5) of ASSA for mineral dust is also reported by Dubovik et al. (2002).
Asymmetric Parameter (AP)

Asymmetry parameter (AP), also known as scattering parameter, provide the information about
the angular distribution of light scattering by aerosol particles, defined as the cosine averaged
scattering angle, and can be calculated by the integrating over the complete scattering phase function
(Pandithurai et al. 2008). It has the ability to control the aerosol contribution in radiative forcing and
is widely used in various radiative transfer models. It depends on the size and composition of the
particles having value in the range of +1 (for forward scattering) and —1 (for backward scattering),
while zero value represents the pure symmetry scattering (Tiwari et al., 2015; Ramachandran and
Rajesh, 2008; Zege et al., 1991). The spectral variation of AP during the dust events is shown in
Figure 12 (a) and Figure 12 (b) for the month of May and June respectively. During both the events,
AP value had decreasing spectral trend for the visible region and then a slight increase in in near
infrared region with the highest value (0.71 for 17 May, 2018 and for 0.73 for 14 June, 2018) on dust
storm days. Relatively small spectral slope is observed on dust storm days during both events

suggesting the relative dominance of coarse mode particles. Earlier studies also reported similar
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nature of spectral variation of AP for dust particles (Iftikhar et al., 2018; Tiwari et al., 2015, 2013;
Alam et al., 2014; Srivastava et al., 2014; Pandithurai et al. 2008). Recently, Tiwari et al., (2015)
found nearly similar value of AP for polluted dust particles over Kanpur (0.70 = 0.02), however with
little higher value (0.72 + 0.02) over Karachi. In another study, Tiwari et al. (2013) also reported AP
value nearly 0.71 + 0.02 over Karachi, 0.68 £ 0.02 over Lahore, 0.71 + 0.01 over Jaipur, and 0.68 +
0.02 over Kanpur during the pre-monsoon period 2010. The results observed in the present study are
quite comparable with other previous studies carried out during the dust storm over IGB (Iftikhar et

al., 2018; Srivastava et al., 2014; Alam et al., 2014; Pandithurai et al., 2008).
3.3.3. Surface aerosol concentration during dust storm

The BSC- DREAMS8b model simulation results have been used for dust events and to identify
the dust transportation and deposition. The model results regarding the spatial distribution of dust
concentration on 17 May and 14 June 2018 at 12 hrs UTC, over the Indian subcontinent and its
surrounding region are presented in Figure 13(a) and 13(b) respectively. The model predicted a high
surface concentration of dust in the latitudinal range from 20° — 38° N and longitudinal range 60° —
85° E with maximum surface concentration over the Thar Desert. The higher concentration of dust is
also observed mainland of China which suggest that after passing through the 1GB dust storm
moving towards China. The wind fields at 3000 m with respect to mean sea level (see Figure S2)
show that Thar Desert region is the main source region of dust storm and it is driven by
westerly/north westerly winds towards the south eastern IGB. The dust deposition over IGB is higher
on 14 June 2018 than 17 May 2018 which confirms the dust storm intensity and justifies the spatial
variability of aerosol. The simulated surface dust concentration is found to be in the range of 320 -
640 pg/m*® over Kanpur during both the dust events. The simulated results are also supported by the
satellite observation on the same day. Relatively lower range of surface dust concentration is
observed by Aher et al. (2014) over Alibag and Pune during a dust storm occurred in March 2012

while Kaskaoutis et al. (2012) reported a similar range of dust concentration over the Eastern
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Mediterranean during the dust event of February 2009. Thus, the model is quite capable to predict
dust storm source region and transportation of dust accurately which is also in agreement with the

satellite observations (Haustein et al., 2009; Perez et al., 2006).

4. Radiative impacts of dust storm

4.1.  Influence on outgoing long wave radiation

The outgoing longwave radiation (OLR) is one of the crucial parameters in the calculation of
atmospheric radiative forcing at the top of the atmosphere and plays a significant role in atmospheric
circulation pattern, hence in weather and climate prediction (Haywood et al., 2005). Atmospheric
aerosols (mostly dust) have the ability to perturb the global radiation budget through the cloud
radiative forcing (Zhao et al., 2018; Trenberth et al., 20009; Haywood et al., 2005; Slingo et al.,
2006). Hsu et al. (2000) estimated longwave radiative forcing nearly 36 Wm™ per unit optical depth
using TOMS AOD over Western Sahara when the temperature was maximum. The frequent
occurrence of dust storm causing an enhancement of dust aerosols in to the atmosphere resulting to a
warming effect implies that the observed longwave enhancement is climatologically significant
(Zhou et al., 2014). Aerosol can also cause a cooling of the atmosphere in the longwave with a
relatively small contribution (~ 20%) to the net (longwave and shortwave) radiative forcing
(Ramaswamy, 2002) which also increases with higher AOD value (Ramachandran and Kedia, 2012).
The spatial distribution of OLR over Indian subcontinent during dust events and their impacts on
monthly/seasonally mean OLR value is shown in Figure 14 (a — f). The figure clearly suggests that a
higher value of OLR during both the dust events which are relatively higher on 14 June 2018
(Figure, 14b). Higher value of OLR is observed over the arid and desert region which may be mainly
because of the dominance of dust particles which causes increasing in temperature. Earlier studies
also reported higher OLR value during dust storm over the desert region (Kedia et al., 2018; Zhou et

al., 2014; Hong et al., 2013, Hansell et al., 2010; Slingo, et al., 2006; Haywood et al., 2005). Apart
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from this, an enhancement in OLR in monthly mean OLR is observed due to the first dust event (17
May 2018) having the range in between 10 — 20 Wm over IGB, western Indian coast and northern
AS, which may be due to less intensive dust storm resulting to lower concentration of dust aerosol
than the second dust event. While it has a significant impact on seasonal OLR value over the 1IGB
where it causes an enhancement in OLR value nearly 30 - 40 Wm™. On the other hand, second dust
event (14 June, 2018) have notably impact on monthly mean OLR value in June 2018 over IGB, and
central India and enhance the OLR value in the range of 50 + 10 Wm™, The maximum enhancement
in OLR is observed over south - east coastal region of India which may be due to the abundance of
dust aerosol over this down flow wind region during an intense dust storm. However, the second dust
event has the relatively lower impact of OLR during pre-monsoon season in 2018 with a similar
pattern as in June month and enhances OLR value up to 35 Wm™ over IGB. The results observed
here is quite comparable with earlier studies worldwide while some discrepancy may be due to the
different meteorological conditions, dust storm intensity and dust composition (Du et al., 2018;
Wang et al., 2018; Zhou et al., 2014; Hong et 1., 2013; Hansell et al., 2010; Slingo, et al., 2006;
Haywood et al., 2005). Recently, Kedia et al. (2018) found an enhancement in OLR (~ 60 Wm™)
over the Arabian Sea and some parts of central India during dust storm occurred in April 2015.
Ackerman and Chung (1992) is also reported direct radiative forcing due to long wave radiation in
the range of 20 — 50 Wm™ over Arabian Peninsula during the Earth Radiation Budget Experiment

using advanced very high-resolution radiometer (AVHRR) and model data.

4.2.  Aerosol Radiative Forcing over Kanpur

Aerosol radiative forcing (ARF) at top of the atmosphere (ARFtoa) and at the surface
(ARFsrr) is defined as the net difference in fluxes (both shortwave + longwave) between with and
without aerosol at top of the atmosphere (TOA) and surface (SRF) respectively. In the present study,

ARF is obtained at the TOA and SRF from AERONET which calculated the radiative forcing using a
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radiative transfer model, GAME (Global Atmospheric ModEl). GAME is well accepted radiative
model and performs spectral integration using correlated-k distribution based on line by line
simulations (Scott, 1974). ARF at TOA, SRF and in the atmosphere (ATM) over Kanpur is shown in
Figure 15 (a) and 15 (b) during the dust events occurred in May and June respectively. The ARFsrr
and ARFroa values are always negative for both the dust events and found in the rage of -101 to -
191 Wm?2 and -12 to -37 Wm? in May while 90 to -151 Wm? and -47 to -64 Wm™ in June
respectively. A significant change in ARF is observed with higher magnitude of ARF (both ARFsre
and ARFroa) during the both the dust storm days suggesting the more attenuation of surface
reaching solar radiation, which may be mainly because of backscattering due to aerosol particles.
However, the positive value of ARF in to the atmosphere (ARFatm = ~ 124 Wm on 17 May, 2018
and ARMatm = ~ 85 Wm2on 14 June, 2018) suggest the net warming effect of the atmosphere due
to the aerosol during the events. Recently, Kumar et al. (2015) calculated the ARF over Kanpur
during the dust storms occurred in 2010 and found in the range of - 66 to -101 Wm?, -18 to -41 Wm"
2 and + 37 to +75 Wm™ for the ARFsrr, ARFr0a, and ARFarwm respectively while Kaskaoutis et al.
(2013) found relatively lower ARF value i. e. -69 to -97 Wm?, -20 to 30 Wm™ and 43 to 71 Wm™
for ARFsrr, ARFroa, and ARFarm respectively. Similar range of ARF is also reported also reported
over different station in IGB i.e. over Patiala (+45 to +77 Wm™) by Singh et al. (2016), over Delhi
(+27 Wm2 in March and +123 Wm in June) by Pandithurai et al. (2008), over Gandhi College (~
+18 Wm2) by Srivastava et al. (2011) and also over Nainital (+38 Wm2) by Dumka et al. (2014).

The atmospheric heating rate is also calculated by the equation given below:

BT_ g . A Fyrar

at  Cp AP
(2)

where 0T/ét is the heating rate (Kelvin day?), g is the acceleration due to gravity, C, is the
specific heat capacity of air at constant atmospheric pressure and AP is the pressure difference. Since

most of the aerosols are confined close to the surface i.e. maximum up to 3 — 4 km during dust storm
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events over IGB (Kedia et al., 2018; Kumar et al., 2015, 2014). Therefore, in the present study, AP is
taken as 300 hPa. The atmospheric heating range is found in the range of 1.51 — 3.88 K day™ and 0.9
—1.88 K day* in May and June respectively which are given in Table 3. Higher value of atmospheric
heating rate during dust storm days (17 May 2018, and 14 June 2018) due to the abundance of dust
aerosol is quite significant to affect the atmospheric dynamics. Lau et al. (2006) found abnormal in
atmospheric heating rate over Northern India during pre-monsoon season, mainly attributed to the
enhancement in dust particle which leads to affect intensification of the Indian summer monsoon
system. Similar range of atmospheric heating rate during dust storm is also reported by earlier
researchers with value in the range of 0.7 to 1.4 K day™ (Iftikhar et al., 2018) over Karachi, 1.3 — 2.2
K day*over Lahore (Iftikhar et al., 2018), 2.0 K day* over Jodhpur (Srivastava et al., 2014), 1.9 K
day ! over Delhi (Srivastava et al., 2014), 1.3 to 2.2 K day™* over Patiala (Singh et al., 2016), 0.78 to
1.57 K day* over Kanpur (Kumar et al., 2015). Tiwari et al. (2015) also reported similar range of
atmospheric heating for polluted dust aerosol over entire IGB. Further detailed studies on the impacts
of enhanced aerosol heating during this severe dust storm and its effect on regional climate are

highly needed.

5. Conclusion:

The present study is mainly focused to investigate the impact of the intense dust storm on
aerosol characteristics and radiative impacts over northern India during the pre-monsoon season of
2018 using satellite observation in combination with ground observed (AERONET), model and
reanalysis data. Although, significant impacts of dust storms were observed at Kanpur yet the main

findings are summarized as:

e The MODIS true colour images, along with air mass back trajectory pathways and DREAM

model simulated results identified the Thar Desert as the major source of dust storm which
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enhances the aerosol burden over entire IGB region during the dust storm.

A higher value of AOD and Al value is observed over entire IGB during the dust storms which is
more prominence on 14" June 2018. The figures also further confirm the Thar Desert region as a
major contributor of aerosol during the dust storm events. The spatial distribution of enhancement
factor of AOD and Al suggest that dust storm on 17 May 2018 have relatively larger impacts on
monthly mean AOD as well seasonal (pre-monsoon season) mean AOD than 14 June 2018 which

may be due to the frequent occurrence of dust aerosol over northern India during June.

Aerosol characteristics over Kanpur were studied by using AERONET data which show
prominent alteration during the dust storm days. The AOD value increases up to nearly more than
two-fold during dust storm days with minimum AE (440 — 870 nm) value nearly zero suggesting
the abundance of coarse mode aerosol particles which is also supported aerosol volume size
distribution. The higher value of SSA (>0.9 at 675 nm) is observed which show an increasing
spectral trend with wavelength suggesting the dominance of scattering type of aerosols which is
also confirmed by the spectral variability of asymmetry parameter and refractive indices (both real
and imaginary). The enhancement in columnar water vapour after the dust storms suggests the

transportation of moisture from the Arabian Sea through the dust storm.

The CALIPSO observation suggesting the presence of an elevated aerosol layer over IGB during
the two intense dust storm days which may be sufficient to affect Indian Summer Monsoon (ISM)
by warming the lower and mid troposphere. Thus, the present study indicates towards the further
investigation of the relation between the dust concentration, transportation and their impact on the

Indian Summer Monsoon.

The outgoing longwave radiation is found maximum over the Thar Desert region and 1GB during
the two intense dust storm days and resulting to enhancement in OLR on monthly and seasonally

mean value in the range of 20 — 50 Wm2. However, the estimated radiative forcing over Kanpur
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shows a significant cooling (-160 Wm™ on 17 May 2018 and -141 Wm on 14 June, 2018) at the
surface and warming (+124 Wm™ on 17 May 2018 and 85 Wm?2 on 14 June, 2018) in the
atmosphere with large heating rate (2.69 Kday™ on 17 May 2018 and 1.85 Kday* on 14 June,
2018) during the dust storm days which may be significant to affect atmospheric dynamics,

monsoon circulation and hydrological cycle.
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Figure 1. Synoptic meteorological conditions derived from NCEP-reanalysis data at850 hPa pressure

level over the Indian subcontinent during the pre-monsoon period of the year 2018.
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May 17, 2018 i}
(11:20 am, Local time) | [{1:15 pm, Local time)

Figure 2. MODIS TERRA and AQUA images showing long range transport of dust storms. The
white colour exhibits clouds. The dust is shown in pale beige colour. Source:

http://rapidfire.sci.gsfc.nasa.gov.
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Figure 3. MODIS terra aerosol optical depth during dust event days, over Indian subcontinent and
surrounding regions on (a) 17 May 2018 and (b) 14 June 2018. The colour lines show the 5-

days air mass back trajectory over Kanpur station at three different altitude i.e. 27000 m (red),

1500 m (blue) and 2000 m (green).
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Figure 4. Spatial distribution of enhancement factor (EF) for aerosol optical depth for the months
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May (a) and June (c) and on pre-monsoon loading (c) and (d).
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Figure 5. Spatial distribution of Aerosol Index (Al) during dust event days, over Indian subcontinent

and its surrounding regions on (a) 17 May 2018 and (b) 14 June 2018.
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Figure 6. Spatial distribution of enhancement factor (EF) for aerosol index loading for the months

May (a) and June (c) and on pre-monsoon loading (c) and (d).
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Figure 7: CALIPSO total attenuated backscatter (km?sr?) and aerosol types over IGB during two

intense dust storms (a) 18 May 2018 and (b) 14 June 2018.
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Figure 8. Day to day variation of AOD (500 nm), Angstrom Exponent (AEa40-s70 nm) and water vapour

during the dust storm events in (a) May, 2018 and (b) June, 2018.
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Figure 9. Aerosol volume size distribution for 22 bins between 0.05 and 15 pum, during the dust events

in (&) May and (b) June, 2018.

52




1.65 0.02
() N
1.6 0.016 -
i
= 1.55 1 g 0.012 -
E = ——16-05-2018  ——17-05-2018
= £ —A—18-05-2018  ——19-05-2018
£ 15 - Y = 0.008 -
E =
—4—16-05-2018  ——17-05-2018
1.45 - 0.004 -
—4—18-05-2018  ——19-05-2018
g - -
1.4 T T T T 0 T T T T
25 550 675 800 925 1050 425 550 675 800 925 1050
1.65 0.003
—$—13-06-2018 —9-14-06-2018 (d) ——13-06-2018  —©—14-06-2018
16 |  —A—15-06-2018 ——16-06-2018 —A—15-06-2018  —+—16-06-2018
— 0.00225 -
=
= o
T 155 - £
) @
£ £ 0.0015 -
o =
[
0.00075 -
1.45 -
1.4 T T T T 0 J s y X
425 550 675 800 925 1050 425 550 675 800 925 1050

Wavelength (nm)

Wavelength (nm)

Figure 10. Spectral variation of real and imaginary refractive index (RI) during the dust storm

events in May, 2018 ((a) and (b)) and in June, 2018 ((c), (d)).
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Figure 11. Spectral variation of single scattering albedo (SSA) during the dust storm events (a) in

May and (b) in June 2018.
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Figure 12. Spectral variation of AERONET asymmetric parameter (AP) during the dust events (a) in

May and (b) in June 2018.
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Figure 13. BSC-DREAMS8b model-estimated surface dust concentration (ug/m®) at 12 hrs. UTC

over Indian subcontinent and its surrounding region on (a) 17 May 2018 and (b) 14 June 2018.
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Figure 14. Spatial distribution of outgoing long wave radiation (OLR) during two dust events i.e. (a)
on 17 May 2018 and (b) on 14 June 2018.The impact of dust storm on OLR on monthly (¢) & (d) as

well as seasonal basis (e) & ().
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Figure 15. Variation of Atmospheric radiative forcing (ARF) over Kanpur during two dust event

events occurred in (a) May 2018 and (b) in June 2018.
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Date Aerosol parameters during the dust storm events

AOD AE(44 |WV | FMF | AAE RRI IRI SSA | AP
(500nm) | 0 — 870 (500 (675 (675nm | (440
(cm (440 - (675
nm) nm) nm) )
) 870 nm) nm)
nm)

2018/05/16 0.92 0429 |3.12| 0.33 1.75 1.52 0.0026 | 0.90 | 0.70

2018/05/17 1.11 0.366 | 2.63 | 0.30 1.88 1.54 0.0027 | 0.89 | 0.71

2018/05/18 0.98 0.603 | 3.25| 0.42 1.54 1.51 0.0039 | 0.89 | 0.69

2018/05/19 1.04 0.522 | 297 | 0.37 0.96 1.60 0.0175 | 0.84 | 0.65

2018/6/13 1.79 0.048 |3.95| 0.13 2.63 151 |0.00073| 0.92 | 0.74

2018/6/14 2.38 0.067 | 287 | 0.14 2.56 1.51 | 0.00077| 0.93 | 0.72

2018/6/15 0.96 0.147 |3.42| 0.18 2.67 1.54 |0.00064 | 0.93 | 0.71

2018/6/16 0.95 0.294 | 398 | 0.25 2.67 1.51 | 0.00063| 0.95 | 0.71

Table 1: Day to day variability of aerosol parameters and water vapour (WV) over Kanpur during

the dust event days.
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Date Aerosol volume size distribution parameters

VE Ressf VMRt of Ve Refic VMRc cc

2018/05/16 | 0.069 0.112 0.128 0.548 0.485 1.905 2.272 0.577

2018/05/17 | 0.083 0.109 0.128 0.598 0.694 1.959 2.367 0.603

2018/05/18 | 0.093 0.131 0.145 0.479 0.503 1.996 2.400 0.589

2018/05/19 | 0.079 0.177 0.208 0.55 0.174 0.993 1.262 0.769

2018/6/13 0.081 0.099 0.121 0.692 1.250 2.001 2.260 0.478

2018/6/14 0.048 0.119 0.144 0.635 1.076 1.916 2.218 0.522

2018/6/15 0.053 0.097 0.112 0.583 0.780 2.072 2.483 0.583

2018/6/16 0.052 0.123 0.140 0.527 0.603 1.933 2.298 0.575

Table 2: Aerosol volume size distribution parameters during dust events over Kanpur. Vfand Vc are
the volume concentration (in um3um™2) of fine and coarse particles, respectively. Refr and Refrc are

the effective radii (in um) of fine and coarse modes, respectively. VMR and VMR are the volume
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standard deviation of fine and coarse modes, respectively.

median radius (in pm) of fine and coarse modes, respectivelywhile or and oc are the geometric

Date ARFsrr(Wm2) | ARFroa(Wm) ARFatm(Wm™) HR (Kday™)
2018/5/16 -114.25 -37.69 76.56 1.66
2018/5/17 -160.45 -36.06 124.40 2.70
2018/5/18 -101.89 -32.20 69.69 151
2018/5/19 -191.56 -12.34 179.22 3.88
2018/6/13 -151.44 -64.68 86.76 1.88
2018/6/14 -141.45 -56.51 84.94 1.84
2018/6/15 -108.11 -50.96 57.15 1.24
2018/6/16 -90.26 -49.14 41.12 0.89
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Table 3: Aerosol Radiative forcing at SRF, TOA, ATM in (Wm) and heating rate (Kday™?) during

the dust events. The bold blue colourshow values on maximum intensity of the dust storm.
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Highlights:

Modification in aerosol optical & physical properties over IGB during major dust storms of

2018.
e Vertical distribution of dust plumes up to ~5 km over Ganges Basin.

e Significant radiative forcing & atmospheric heating during two dust events over Kanpur.
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